


The Scientific Revolution and
the Foundations of 

Modern Science



Recent Titles in
Greenwood Guides to Historic Events, 1500–1900

The Atlantic Slave Trade
Johannes Postma

Manifest Destiny
David S. Heidler and Jeanne T. Heidler

American Railroads in the Nineteenth Century
Augustus J. Veenendaal

Reconstruction
Claudine L. Ferrell

The Spanish-American War
Kenneth E. Hendrickson, Jr.

The American Revolution
Joseph C. Morton

The French Revolution
Linda S. Frey and Marsha L. Frey

The French and Indian War
Alfred A. Cave

The Lewis and Clark Expedition
Harry William Fritz

The Second Great Awakening and the Transcendentalists
Barry Hankins

The Age of Napoleon
Susan P. Conner

The American Civil War
Cole C. Kingseed



The Scientific
Revolution and the

Foundations of
Modern Science

Wilbur Applebaum

Greenwood Guides to Historic Events, 1500–1900
Linda S. Frey and Marsha L. Frey, Series Editors

GREENWOOD PRESS
Westport, Connecticut • London



Library of Congress Cataloging-in-Publication Data

Applebaum, Wilbur.
The scientific revolution and the foundations of modern science /
Wilbur Applebaum.

p. cm—(Greenwood guides to historic events, 1500–1900, ISSN 1538–442X)
Includes bibliographical references and index.
ISBN 0–313–32314–3 (alk. paper)
1. Science—History. 2. Science, Renaissance. I. Title. II. Series

Q125.A54 2005
509.4'09'031—dc22 2004027859

British Library Cataloguing in Publication Data is available.

Copyright © 2005 by Wilbur Applebaum

All rights reserved. No portion of this book may be
reproduced, by any process or technique, without the
express written consent of the publisher.

Library of Congress Catalog Card Number: 2004027859
ISBN: 0–313–32314–3
ISSN: 1538–442X

First published in 2005

Greenwood Press, 88 Post Road West, Westport, CT 06881
An imprint of Greenwood Publishing Group, Inc.
www.greenwood.com

Printed in the United States of America

The paper used in this book complies with the
Permanent Paper Standard issued by the National
Information Standards Organization (Z39.48–1984).

10 9 8 7 6 5 4 3 2 1

TM



To

Ariel, Max, and Benjamin





Illustrations ix

Series Foreword by Linda S. Frey and Marsha L. Frey xi

Introduction xv

Chronology of Events xvii

Chapter 1 Historical Overview 1

Chapter 2 Astronomy and the Cosmos 19

Chapter 3 Matter, Motion, and the Mathematical Sciences 39

Chapter 4 The Nature of Living Things 63

Chapter 5 New Methods for the Advancement 
of Knowledge 85

Chapter 6 Religion and Natural Philosophy 105

Chapter 7 Influence of the Scientific Revolution 121

Biographies 131

Primary Documents 165

Glossary 217

Annotated Bibliography 221

Index 237

CONTENTS





2.1. The Sun revolves uniformly 21

2.2. Angle a at the equant 22

2.3. A star’s different angles while the Earth revolves around 
the Sun 27

2.4. Tycho Brahe seated among his instruments and assistants 
at Uraniborg 28

2.5. Thomas Digges’ diagram of the stars 30

2.6. The Sun in one of the foci of an elliptical orbit 32

2.7. The frontispiece of Kepler’s Rudolphine Tables (1627) 33

2.8. An Aristotelian, a Copernican, and an open-minded 
individual from Galileo’s Dialogue 35

2.9. Descartes’ celestial vortices, from Principles
of Philosophy 36

3.1. The sines of the angle of incidence and refraction 51

3.2. Newton’s experiment on refraction of white sunlight 
through a prism 53

3.3. Otto von Guericke’s air pump 56

3.4. Robert Boyle’s air pump 57

4.1. Medical students observing a dissection 66

4.2. The first of the plates in De fabrica on human muscles 69

ILLUSTRATIONS



4.3. From Borelli’s De motu animalium (On the Motion 
of Animals) 73

4.4. From Harvey’s De motu cordis, based on Fabrici’s lectures 77

4.5. Robert Hooke’s microscope 79

4.6. Microscopic study of an insect 80

4.7. Reproduction in frogs 82

5.1. Christiaan Huygens’ diagram of his pendulum clock 93

5.2. The frontispiece of Thomas Sprat’s History of the 
Royal Society 101

Francis Bacon (1561–1626) 132

Nicolaus Copernicus (1473–1543) 137

René Descartes (1596–1650) 139

Galileo Galilei (1564–1642) 142

William Harvey (1578–1657) 148

Johannes Kepler (1571–1630) 152

Isaac Newton (1642–1727) 156

Andreas Vesalius (1514–1564) 162

Illustrationsx



American statesman Adlai Stevenson stated that “We can chart our future
clearly and wisely only when we know the path which has led to the pres-
ent.” This series, Greenwood Guides to Historic Events, 1500–1900, is
designed to illuminate that path by focusing on events from 1500 to 1900
that have shaped the world. The years 1500 to 1900 include what histo-
rians call the Early Modern Period (1500 to 1789, the onset of the French
Revolution) and part of the modern period (1789 to 1900).

In 1500, an acceleration of key trends marked the beginnings of
an interdependent world and the posing of seminal questions that
changed the nature and terms of intellectual debate. The series closes
with 1900, the inauguration of the twentieth century. This period wit-
nessed profound economic, social, political, cultural, religious, and
military changes. An industrial and technological revolution trans-
formed the modes of production, marked the transition from a rural to
an urban economy, and ultimately raised the standard of living. Social
classes and distinctions shifted. The emergence of the territorial and
later the national state altered man’s relations with and view of politi-
cal authority. The shattering of the religious unity of the Roman Cath-
olic world in Europe marked the rise of a new pluralism. Military
revolutions changed the nature of warfare. The books in this series em-
phasize the complexity and diversity of the human tapestry and include
political, economic, social, intellectual, military, and cultural topics.
Some of the authors focus on events in U.S. history such as the Salem
Witchcraft Trials, the American Revolution, the abolitionist movement,
and the Civil War. Others analyze European topics, such as the Refor-
mation and Counter Reformation and the French Revolution. Still oth-
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ers bridge cultures and continents by examining the voyages of dis-
covery, the Atlantic slave trade, and the Age of Imperialism. Some focus
on intellectual questions that have shaped the modern world, such as
Darwin’s Origin of Species or on turning points such as the Age of Ro-
manticism. Others examine defining economic, religious, or legal
events or issues such as the building of the railroads, the Second Great
Awakening, and abolitionism. Heroes (e.g., Lewis and Clark), scientists
(e.g., Darwin), military leaders (e.g., Napoleon), poets (e.g., Byron),
stride across its pages. Many of these events were seminal in that they
marked profound changes or turning points. The Scientific Revolution,
for example, changed the way individuals viewed themselves and their
world.

The authors, acknowledged experts in their fields, synthesize key
events, set developments within the larger historical context, and, most
important, present a well-balanced, well-written account that integrates
the most recent scholarship in the field.

The topics were chosen by an advisory board composed of histo-
rians, high school history teachers, and school librarians to support the
curriculum and meet student research needs. The volumes are designed
to serve as resources for student research and to provide clearly writ-
ten interpretations of topics central to the secondary school and lower-
level undergraduate history curriculum. Each author outlines a basic
chronology to guide the reader through often confusing events and a
historical overview to set those events within a narrative framework.
Three to five topical chapters underscore critical aspects of the event.
In the final chapter the author examines the impact and consequences
of the event. Biographical sketches furnish background on the lives and
contributions of the players who strut across this stage. Ten to fifteen
primary documents ranging from letters to diary entries, song lyrics,
proclamations, and posters, cast light on the event, provide material for
student essays, and stimulate a critical engagement with the sources.
Introductions identify the authors of the documents and the main is-
sues. In some cases a glossary of selected terms is provided as a guide
to the reader. Each work contains an annotated bibliography of rec-
ommended books, articles, CD-ROMs, Internet sites, videos, and films
that set the materials within the historical debate.

These works will lead to a more sophisticated understanding of
the events and debates that have shaped the modern world and will

Series Forewordxii



stimulate a more active engagement with the issues that still affect us.
It has been a particularly enriching experience to work closely with
such dedicated professionals. We have come to know and value even
more highly the authors in this series and our editors at Greenwood,
particularly Kevin Ohe. In many cases they have become more than
colleagues; they have become friends. To them and to future historians
we dedicate this series.

Linda S. Frey
University of Montana

Marsha L. Frey
Kansas State University
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Research in the history of science has grown substantially in the past fifty
years. University courses in various aspects of the subject have multiplied
significantly, and dozens of institutions offer Ph.D. programs in history of
science. Initially investigated by retired scientists, and then by philoso-
phers and historians, the history of scientific ideas and practices and their
cultural influences is now also explored by individuals with interests in
sociology and literature. Examining how scientific ideas were born and
became part of our knowledge of the natural world can prove useful in
mastering scientific concepts and in learning how science advances. New
ideas are usually not accepted immediately, and for sound reasons. To un-
derstand the new scientific concepts of five centuries ago, as well as those
of today, it is necessary to realize that these concepts were frequently in
conflict with earlier ones. The relationships between ideas and practices
in different branches of science, and the search for themes uniting them,
have also been important sources of new and productive developments.

The study of the natural world by scientists from approximately
1500 to 1700 has long been known to have occurred during an era im-
portant for the creation of modern science and, indeed, of the modern
world. Scientific developments have had significant effects on the ways
we live, work, and think. Today’s investments in scientific activity and
its consequences in time, money, and the number of individuals involved
in universities, businesses, and governments far exceed those invest-
ments made three to five centuries ago. Yet that earlier period of scien-
tific activity, known as the Scientific Revolution, laid the foundations for
modern science and new ways of thinking, not only about the natural
world, but about our natures as social beings and as individuals as well.

The term Scientific Revolution was coined in the mid-twentieth
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century and accompanied new modes of thinking about the ways in
which scientific ideas emerge, are received, and affect other ideas. Tra-
ditionally, scholars of the history of science assumed that scientists in
the past thought as today’s scientists do, and that therefore there is no
point in studying what we now know to have been erroneous views.
The assumption was that when a scientific genius overthrew a false tra-
ditional view, the “true” view was immediately apparent and accepted.
Historians of science today, however, want to know how and why sci-
entists of earlier times thought the way they did. Moreover, today’s his-
torians see the history of science not merely as a series of true ideas
replacing false ones, but as both affected by and affecting the society
and cultures surrounding them.

Just as the nature of scientific thinking has changed, so has think-
ing about the creation of modern science. One viewpoint is that the foun-
dations of modern science evolved from ideas developed during the late
Middle Ages, and that therefore it makes better sense to speak of scien-
tific evolution than of a scientific revolution. The position taken in this
work is that while ideas about the natural world were indeed evolving
during the Middle Ages, scholars continued to assume that certain fun-
damental principles inherited from the ancient world were correct. It was
only during the sixteenth and seventeenth centuries that these principles
were challenged and overturned in favor of new ones that constitute a
basis for many ideas and approaches held today. Although the science of
the seventeenth century is not the science of today, it laid the foundations
for the study of the cosmos, matter, motion, life processes, and the means
of acquiring knowledge of them that are fundamental to modern science.

Concerning a few of the terms used in the text: Some words in com-
mon use today did not exist in the sixteenth and seventeenth centuries.
No one was known as a “scientist” then, although the designation is oc-
casionally used in the chapters of this book; there were instead “natural
philosophers” who were students of “natural philosophy.” There was no
science known as biology, nor as chemistry. Some words used today had
different meanings then. An “atom” was understood quite differently in
ancient Greece, in the seventeenth century, and today. Alchemy and as-
trology were respected sciences and were taught in universities.

I should like to acknowledge that this book has benefited consid-
erably from the criticisms and suggestions of Marsha Frey and Naomi
Bernards Polonsky. I am very grateful for their assistance and for the co-
operation and forbearance of Michael Hermann of Greenwood Press.
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1469 Initial Latin translation of an influential number of
works on theology and the occult allegedly written
in very ancient times by a Hermes Trismegistus.

1527–1541 Paracelsus urges the use of chemical medications
and proposes a theory of matter composed of salt,
sulfur, and mercury as the prime “elements.”

1530–1536 Publication of Otto Brunfels’ Portraits of Living
Plants, the first publication by a botanist of realis-
tic copies from nature rather than fanciful ones
from earlier narratives.

1543 Andreas Vesalius publishes the superbly illustrated
On the Structure of the Human Body, based on his
own dissections, and noting several errors in Galen.

Nicolaus Copernicus’ heliocentric theory is pub-
lished in his On the Revolutions of the Celestial Orbs.

1546 Girolamo Fracastoro’s On Contagion speculates on
the spread of plague by “seeds” from an infected
person to others.

1553 Michael Servetus describes the pulmonary circula-
tion of the blood.

1572 Observations of a supernova describe something
new in the heavens and beyond the sphere of the
Moon, challenging an important Aristotelian prin-
ciple.

CHRONOLOGY OF EVENTS



1576 Tycho Brahe begins construction of Uraniborg, his
observatory, where the most precise collection of
astronomical observations made up to that time
would be obtained.

1577 Observations of a comet show that its path was be-
yond the Moon, further challenging Aristotelian
conceptions.

1588 Publication of A Briefe and True Report of the New
Found Land of Virginia, by Thomas Harriot, the first
account of the resources and inhabitants of North
America.

1596 Founding of Gresham College in London to provide
lectures to the public on science and mathematics.

1600 Publication of William Gilbert’s On the Magnet,
based on observation and experiments on magnet-
ism and electricity; it also holds that the Earth is a
rotating magnetic body.

1604 Johannes Kepler proposes that light rays are recti-
linear, diminish in intensity according to the
inverse-square of their distance from a light source,
and form an inverse image on the retina of a viewer.

1609 Kepler’s New Astronomy demonstrates that the
planet Mars moves with varying speeds in an ellip-
tical orbit, and he proposes that the Sun provides
the force moving it.

1610 In his Starry Messenger, Galileo describes what he
saw in the heavens with his telescope, noting
mountains on the Moon, the satellites of Jupiter,
and thousands of stars invisible to the naked eye.

1614 John Napier introduces logarithms as a means of
easing calculations.

1619 Kepler proposes that the cubes of the distances of
all the planets from the Sun are proportional to the
squares of their orbital periods; now known as his
Third Law.

Chronology of Eventsxviii



1620–1626 Francis Bacon, in a series of books, insists on the
importance of fact-gathering and experiments to
promote new discoveries, and he describes a model
institution for collaborative scientific work.

1625 The first arithmetic calculating machine is designed
by Wilhelm Schickard.

1627 Kepler publishes his Rudolphine Tables, based on his
planetary theories, providing the most accurate and
influential means of predicting planetary positions
up to that time.

1628 In his Anatomical Exercises on the Movement of the
Heart and Blood, William Harvey demonstrates how
the blood circulates.

1632 Galileo’s Dialogue Concerning the Two Chief World
Systems, Ptolemaic and Copernican presents argu-
ments in favor of the Copernican system by utiliz-
ing his discoveries with the telescope and in
mechanics.

1633 Galileo is forced by the Inquisition to renounce the
Copernican theory and is sentenced to house arrest
for the rest of his life.

1637 Publication of René Descartes’ Discourse on Method
and his Geometry; the latter provides a foundation
for analytic geometry.

1638 Galileo’s Discourses on Two New Sciences puts for-
ward his novel and influential ideas on moving
bodies and the strength of materials.

1644 Descartes’ Principles of Philosophy explains his ideas
on matter and the nature of the universe as analo-
gous to a mechanism.

1647 Blaise Pascal’s New Experiments Concerning the Void
demonstrates that experiments with a tube filled
with mercury show that at the top of the tube is a
vacuum, contradicting the belief that nature “ab-
hors a vacuum.”

Chronology of Events xix



1656 Christiaan Huygens invents the pendulum clock,
providing significantly greater precision in time
measurement.

1662 The Royal Society for the Improvement of Natural
Knowledge is established in London to promote the
development of science and to spread new scien-
tific ideas. Robert Boyle describes his experiments
with a vacuum pump and notes the inverse relation
between the pressure and volume of a gas.

1663 Pascal’s work on hydrostatics, the weight and pres-
sure of the atmosphere, and the vacuum are pub-
lished posthumously as Treatises on the Equilibrium
of Liquids and the Weight of the Mass of Air.

1665 Publication in Paris and London of the first peri-
odicals to feature scientific news.

1666 King Louis XIV of France establishes the Royal Aca-
demy of Sciences to promote the experimental sci-
ences and mathematics.

1671 Approximate date of the development of Newton’s
version of the calculus.

1672 Invention of the first machine generating electric-
ity—a sulfur globe rubbed by a dry hand. Passing
sunlight through a prism, Newton shows that white
light is composed of a spectrum of colors, and that
the light of each is refracted at a different angle. 
Detailed microscopic examination by Marcello
Malpighi reveals the emergence of specific organs in
the embryological development of a chick.

1674 John Mayow proposes that certain particles in the
air are necessary for combustion, are transmitted to
the blood by the lungs, and thereby function to
maintain body heat.

1675 Precise astronomical observations by Ole Römer
determine that the speed of light is finite.

1677 Microscopic discovery of spermatozoa by Antoni
van Leeuwenhoek.

Chronology of Eventsxx



1679 Robert Hooke requests Newton’s opinion on the
possibility of explaining planetary motion by the
principle of inertia and an inverse-square attractive
force from the Sun.

1684 Publication of Gottfried Wilhelm Leibniz’s account
of the calculus, utilizing infinitesimals.

1687 Publication of Isaac Newton’s Mathematical Princi-
ples of Natural Philosophy lays out his laws of mo-
tion and universal gravitation, utilizing his key
concepts of space, time, mass, and force, and
thereby uniting celestial and terrestrial physics.

1690 Christiaan Huygens advances a wave theory of
light.

1694 Rudolph Camerarius provides the first detailed ex-
planation of plant sexuality.

1704 Publication of Newton’s Opticks, based on his ex-
periments, becomes a model for experimentation.
The book’s appendix also raises important ques-
tions about various aspects of nature.

1705 Edmond Halley finds that the comet now bearing
his name, and which he observed in 1682, moves
in an elongated elliptical orbit over an approxi-
mately seventy-year period.

1713 William Derham’s Physico-Theology and the second
edition of Newton’s Mathematical Principles of Nat-
ural Philosophy promote a trend to explain the dis-
coveries of science as evidence for the greatness,
wisdom, and beneficence of God.

Chronology of Events xxi





In the course of the sixteenth and seventeenth centuries, ideas con-
cerning the nature of the universe and explanations of what occurs
within it changed profoundly in Western Europe. In 1500 natural
philosophers—as scientists were then called—perceived the universe
as finite, with the motionless Earth at its center, surrounded by the
Moon, Sun, planets, and stars, all of which rested on several homo-
centric spheres rotating uniformly about the Earth. In 1700 the uni-
verse was seen as infinite, and the planets, including Earth, revolving
in ellipses about the Sun at varying distances with non-uniform mo-
tion. In 1500 the universe was thought to be completely full of matter.
In the course of the next two centuries most natural philosophers came
to accept the existence of spaces devoid of matter. The behavior of mov-
ing bodies, whether falling or thrown, also came to be understood in
profoundly different ways.

Knowledge about the world of living things saw similar substan-
tial changes. Anatomical, physiological, and embryological details and
processes unknown to the ancients were discovered. The functions of
plants and animals were coming to be seen as based on physical and
chemical processes, rather than as governed by vegetative or animal
“souls.” It was learned that sexual reproduction in animals and hu-
mans involved the union of sperm and egg, and that processes analo-
gous to sexual reproduction applied in plants as well. Blood came to
be seen as circulating rather than ebbing and flowing in the channels
of the body.

At the end of the Early Modern period, previously widely accepted
beliefs in witchcraft, astrology, magic, and supernatural events brought
about by hidden causes began to wane. The inventions of the telescope
and microscope enabled further investigation of hitherto unknown

CHAPTER 1
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SCIENTIFIC REVOLUTION AND THE FOUNDATIONS OF MODERN SCIENCE2

worlds. Traditional forms of mathematics were expanded, and new
branches of mathematics were developed. Experimentation and the dis-
covery of mathematical laws of nature increasingly became the desired
goals of scientific investigation.

These profound changes in the conceptions and practices of nat-
ural philosophy constituted significant and decisive breaks with long-
held beliefs that originated in Greek antiquity and were modified by
scholars in medieval Western Europe and the Islamic world. For sev-
eral centuries students had learned in the universities of Europe about
the achievements of the ancients, such as those of Aristotle (384–322
b.c.e.) in philosophy, on the structure of the universe, on physics, and
on the nature of living things; of Claudius Ptolemy (c. 100–c. 170) on
astronomy and astrology; and of Galen (130–200) on anatomy, physi-
ology, and medicine. Those achievements came to be seen as standing
in the way of a true knowledge of reality. At the beginning of the two
centuries under consideration, it was felt that the ancients had gained
a true picture of the world. The task of natural philosophy was per-
ceived to be the restoration of truths long lost. In the course of the sev-
enteenth century this was no longer so; the discovery of new things
never before seen or understood became the goal. Natural philosophers
were now determined, as in Hamlet’s instructions to the players, “to
hold up as ’twere the mirror to nature,” to reflect reality, rather than
erroneous conceptions of it.

The pace of change in scientific ideas and practices was now much
more rapid than had been the case in previous millennia. This revolu-
tion in our beliefs about the natural world and in the ways we try to
increase our understanding of it can properly be understood as the
achievements of individuals or of groups in the context of the social
and intellectual worlds in which they lived and worked.

The European Context

The Scientific Revolution took place in Western Europe rather
than in the Islamic world, whose scientists were superior in knowledge
and far more innovative during the Middle Ages than those in Europe.
In the course of the expansion of Islam, Muslims encountered the
works of the ancient Greeks in philosophy, mathematics, astronomy,
physics, alchemy, geography, astrology, and medicine, and they were
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fascinated by what they found. Many of those works were translated
into Arabic. Scientists in the Islamic world subsequently built upon and
advanced some of the ideas in those Greek sciences. Beginning in the
thirteenth century, many books on Greek and Arabic science were
translated into Latin and were studied in European universities.

In the course of the later Middle Ages, the Chinese inventions of
the compass, of printing, paper, explosives, and the effective rigging of
sailing vessels found their way into Western Europe. Yet the Scientific
Revolution did not occur in China, whose technical achievements were
far superior to those of medieval Europe. Why the study of the natu-
ral world by Chinese and Arabic scholars did not result in the revolu-
tionary changes that took place in Western Europe is a topic requiring
further historical investigation. Part of such an effort must surely be an
examination of some of the unique, important, and relatively rapid
changes in European society and culture in the late Middle Ages and
the Early Modern period.

Humanism and the Renaissance

Beginning in the cities of northern Italy in the fourteenth and fif-
teenth centuries, the cultural and intellectual changes known as the
Renaissance played a significant role in the changing nature of natural
philosophy. Those engaged in learning, literature, and the arts looked
to classical Greek and Roman works as models for their growing at-
tention to secular life. With the growth of commerce and changing as-
pects of civic life, the vita activa, or active life, was seen as more
important than the medieval ideal of the vita contemplativa, the life of
contemplation. Classical works in their original Greek and Latin began
to be available in Western Europe, along with previously unknown
works. Included were works by Plato (c. 427–348 b.c.e.) and other
philosophers, works by several mathematicians, and tracts attributed
to certain mythological figures, chief among them Hermes Trismegis-
tus, an individual believed to have lived at the same time as, or before,
Moses. These and other works had an important effect on thought
about the natural world. They emphasized the roles of number and
measurement, as well as unity, harmony, and the operations of hidden
forces in the universe.

With the invention of the printing press using movable type in
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the fifteenth century, books began to be published in the various na-
tive languages of Europe, as well as in Latin and Greek. Not only works
of literature but also treatises on scientific subjects were beginning to
be translated, and popular versions of them began to appear. New de-
velopments in natural philosophy began to find their way into works
of literature, and knowledge of the new scientific ideas became a part
of the culture of the upper classes.

The Age of Exploration

In the late fifteenth century Portugal, and then Spain and the
United Provinces, sent ships in search of commercial advantages to
West Africa and Asia. Subsequent voyages to the Western Hemisphere,
carried out as well by France and England, eventually resulted in the
creation of colonial empires and the beginning of a world economy.
Lands, peoples, flora, and fauna unknown to the ancients and un-
mentioned in Scripture were discovered. It became evident that there
was more in heaven and Earth than had been dreamed of in Aristotle’s
philosophy.

These transoceanic voyages necessitated the redesign of ocean-
going vessels and improvement in the principles of navigation, which
in turn necessitated attention to the further development of astronomy,
geography, cartography, and instruments useful in promoting those sci-
ences. The study of mathematics and its applications, involving the use
of spherical geometry, trigonometry, and algebra, became increasingly
important.

Commerce and Economics

Commercial and economic changes in Europe had begun to de-
velop slowly after the eleventh and twelfth centuries. Villages became
towns and cities. Businesses were established for trade in various com-
modities between parts of Europe and Asia. As enterprises grew, they
required the creation of institutions and procedures to handle their in-
creasingly complex needs, among which were banking, insurance, and
bookkeeping. Here, too, arose incentives for the promotion of mathe-
matical knowledge. The need for effective and profitable insurance
policies, as well as interest in the nature of gambling, promoted the
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study of probability. Changes in political and social life, class struc-
tures, and religion, resulting in the increased transfer of land, placed
increasing emphasis on surveying.

The role of mathematics in everyday life took on increased im-
portance, and the need and desire for greater precision grew. That need
was reflected in the continuing development of architecture, mining,
and the manufacture of clocks and other mechanical devices. Machines
were invented and continually improved for the grinding of lenses for
eyeglasses and for spinning and weaving. Watermills and windmills
were built for the grinding of grain. A knowledge of at least elemen-
tary mathematics became a requirement for practitioners in many crafts
to an extent that had not been necessary before.

There began to emerge a new attitude toward and respect for
craftsmanship, for the maker and doer, as well as for the thinker. Nat-
ural philosophers and the creators of new systems of thought concern-
ing nature were frequently called architects or craftsmen. Illustrations
showing a divine being using a compass in creating the world was one
symbol of this trend.

Government, Politics, and Warfare

In the sixteenth and seventeenth centuries, the nature of the state
in Western Europe differed in significant ways from the situation in the
Islamic world and in China. Europe was composed of a great number
of independent kingdoms, provinces, principalities, and cities. Chief
among them for their roles in the development of science were the Ger-
man states, England, France, the Low Countries, and the Duchy of Tus-
cany and the Republic of Venice in Italy. In the course of those two
centuries the trend within all these states was for greater and continu-
ing consolidation. The number of government departments grew with
time and were divided and subdivided as needed. Government treas-
uries gained increasing attention and became more complex. The re-
quirements of detailed record keeping for tracking population trends,
for purposes of taxation, and for the military services also necessitated
an increase in the use of mathematics.

European governments had to give attention to the changing re-
quirements of commerce, construction, and warfare. A class of skilled
craftspeople called engineers was gradually created to deal with the im-
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provement of harbors, efforts in the United Provinces at reclamation of
parts of the North Sea, improvements of inland waterways, and the con-
struction of canals. Interest grew in gaining better knowledge of mis-
sile trajectories and how to make them more effective, and in the
construction of more efficient cannon and fortifications. Problems of
logistics and provision of supplies in military campaigns also received
increasing attention.

Patronage

Seeking prestige and profit, rulers were led increasingly to act as
patrons, not only of artists and poets, but of craftspeople and natural
philosophers as well. Undertakings in one kingdom or principality were
imitated in others. Patrons would grant their clients money, land, a title,
or a combination of them. Rulers sought out well-known astronomers
for the improvement of navigation, the casting of horoscopes, or assis-
tance with their own astronomical pursuits. Alchemists were engaged
to create new, profitable commodities, and in some instances, novel
medical preparations. The earliest societies for the promotion of natu-
ral philosophy were, for the most part, supported by patrons. Clients
were also sought by the wealthy for managing libraries and collections
of botanical and zoological species, and of strange and curious objects.
Such positions supplemented and, to some degree, displaced universi-
ties as centers of new ideas and practices in natural philosophy.

Scientific Communication

Commerce and the new needs of governments required increased
sources of information. Better and more effective means of communi-
cation were evidenced in the beginnings of regular coach transporta-
tion between some cities; postal services were established in a number
of states. Correspondence networks were established among natural
philosophers working in various fields, in which ideas and practices
were exchanged and debated. Institutions were created to provide lec-
tures to the public on science and technology. The printing press was
important in the spread of ideas at a pace more rapid than in previous
centuries or than was the case in other parts of the world. In the sev-
enteenth century a number of societies for the promotion of natural
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philosophy were established, as were journals devoted to the circula-
tion of new discoveries in natural philosophy.

Natural Philosophy and Religion

The Protestant Reformation affected not only the nature of reli-
gion in Western Europe, but natural philosophy as well. With the emer-
gence of new denominations of Christianity and challenges to attitudes
and practices of the Catholic Church with respect to the role of priests,
the sacraments, the Mass, and the organization and governance of the
Church, new attitudes arose about the relation of scientific ideas to re-
ligious doctrines. Among the important changes in practice for Protes-
tants was the necessity of reading the Bible for oneself to understand
more effectively the basis of religious beliefs. An important result was
the translation of the Bible from Latin into the native languages of Eu-
rope and a subsequent increase of literacy.

Natural philosophy had long been perceived as a handmaiden to
theology, which was called the “queen of the sciences.” It was now com-
ing to be thought of as independent of theological constraints, with its
own methods, functions, and purposes different from those of religion.
There were continual debates during the Scientific Revolution over how
certain ideas were contradicted by the word of God as given in Scrip-
ture. The best-known example is the Copernican theory, which was
challenged by a literal interpretation of certain biblical passages. In re-
sponse, natural philosophers held that passages in the Bible must not
be taken literally, that God gave humans the ability to learn more about
the ways in which He had created the world, and that we are thereby
brought closer to God by examples of His omniscience, omnipotence,
and beneficence.

The Watershed

In the course of the sixteenth century there evolved changing at-
titudes about nature, the development of technology and the crafts, and
the importance of observation and mathematics. The most decisive
changes in traditional beliefs in natural philosophy in a number of areas
took place, however, within the first half of the seventeenth century.
The trends noted here seemed to have crystallized at that time. Detailed
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observation, experimentation, and increasingly precise measurement
became important in new ways. A striking cluster of new and signifi-
cant concepts about the structure and nature of the cosmos, of opera-
tions in various physical sciences, in physiology, and about the best
methods for gaining new scientific knowledge is evident in those few
decades.

Astronomy

The heliocentric theory advanced in 1543 by Nicolaus Copernicus
(1473–1543) had very few adherents in the sixteenth and early seven-
teenth centuries. Among them, however, was Johannes Kepler (1571–
1630). He transformed and improved Copernicus’ theory by overthrowing
what had been axiomatic in astronomy for two millennia, namely, that all
celestial bodies must move in circles and with uniform speed. Kepler dis-
covered that planetary orbits were elliptical, and that a planet’s speed var-
ied depending on its proximity to the Sun. His discoveries were made
possible in part by his utilization of the most precise astronomical obser-
vations made up to that time by Tycho Brahe (1546–1601). Kepler’s as-
tronomical tables, published in 1627, were significantly more accurate than
any then in use. Kepler also insisted that astronomers must also be con-
cerned with causes, and he proposed a hypothesis on the cause of plane-
tary motion based on forces similar to magnetism issuing from the Sun.
Galileo Galilei (1564–1642), who was also a Copernican, using a telescope,
noted that the Moon, planets, and stars displayed characteristics that were
quite different from what Aristotle had taught, thereby weakening certain
objections to the Copernican theory. Galileo’s discoveries in mechanics also
increased support for Copernicus’ ideas.

Matter Theory

Traditional beliefs about the nature of matter had also rested for
the most part on the theories of Aristotle. One of their most funda-
mental aspects was a distinction between the heavens and everything
beneath the Moon. The Earth was composed of four kinds of matter,
consisting of the essences of earth, water, air, and fire; associated with
each were various qualities, such as weight, firmness, and liquidity.
They were combined in various ways to constitute the substances of
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our everyday experience. The heavens consisted of a series of nested
spheres, perpetually revolving uniformly above the Earth, composed of
a fifth element that was perfect and unchanging. The universe was fi-
nite, completely full, and devoid of vacuous spaces.

Alternative ideas had been put forward in ancient Greece, both
before and after Aristotle. One of them was the theory that the uni-
verse was composed of indivisible atoms colliding and moving in an
infinite, void space in various combinations that determined the shapes
and properties of the substances around us. The most developed the-
ory was that of Epicurus (341–270 b.c.e.) as a part of his philosophy
on the means to a good life. Because Epicureanism was seen to con-
flict with certain aspects of Christianity, Aristotelian theory was
supreme during the Middle Ages. In the early seventeenth century the
atomic theory and variations of matter as composed of particles were
purged of anti-Christian implications and elaborated as a necessary re-
placement for Aristotle’s theory.

Motion

Beliefs about the behavior of moving bodies had also been based
on Aristotelian foundations. Aristotelians—also called Peripatetics—
distinguished two kinds of motion. All bodies, depending on the mat-
ter of which they were composed, tended to move toward their natural
places: toward the center of the universe, corresponding to the center
of the Earth, or away from the center of the universe. The Peripatetics
also held that nothing moved unless it was moved by an internal or
external mover, and that bodies fell at speeds proportional to their
weights. Medieval Aristotelians held that missiles first moved in the di-
rection they were hurled and then fell directly to Earth.

In the 1630s Galileo Galilei described his experiments, many of
which he had made earlier, to determine precisely the trajectories of
bodies given an impulse other than vertical and to determine the rela-
tionship in directly falling bodies between the increasing distances
traveled and successive equal intervals of time. He distinguished be-
tween the measurable results of his experiments and assumed ideal re-
sults in the absence of friction or resistance. His discoveries were very
influential in overturning traditional Peripatetic beliefs and in shaping
the subsequent development of mechanics.
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René Descartes (1596–1650) held that there was a fixed amount
of motion in a universe completely filled with matter. He therefore gave
attention to the result of the impact of bodies on one another and con-
cluded that in such instances the total motion is conserved, although
the direction of the motions may be changed. Once a body is in mo-
tion, Descartes held, it will continue in a straight line until deflected
by another body.

With the work of Kepler, Galileo, Descartes, and others, the con-
cepts of force, attraction, inertia, and mathematical laws became cen-
tral features of efforts to understand and explain the behavior of
moving bodies. The culmination of those efforts would come with the
work of Isaac Newton (1642–1727) later in the century.

Optics

The nature and behavior of light had, as with astronomy, been one
of the mathematized sciences that had come from Antiquity with valid
results and methods. Associated with the mathematical results of the
behavior of light were theories of vision. It had been known in the an-
cient world that beams of light were reflected at the same angles at
which they struck the reflecting surface, and that a light source at the
focus of a parabola would be reflected in a parallel beam. However, the
angles of refraction of a light beam passing through various media were
unable to be determined precisely until the early seventeenth century,
when the mathematical law governing refraction was independently
discovered by several scientists. Here, too, precise measurement was a
factor in determining a previously unknown result. The sine law was
influential in the further development of optics in the seventeenth cen-
tury. Important discoveries were also made on the nature of color and
vision.

Anatomy and Physiology

The discovery by Andreas Vesalius (1514–1564) of a number of
errors in Galen’s descriptions of human anatomy, and subsequent find-
ings of anatomical features unknown to the ancients, led some to re-
examine aspects of human physiology as well. Among the traditional
Galenic beliefs about the workings of the body was that the blood ebbed
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and flowed in the veins and arteries. William Harvey (1578–1657) was
determined to find by close observation and experimentation the paths
followed by the blood after being pumped from the heart. He carefully
observed the functions of the heart and movement of the blood in dying
mammals and cold-blooded animals. Measuring the amount of blood
pumped by the beating heart, he determined that blood must circulate,
returning to the heart, where it is again pumped to the arteries. Here
again, then, as had, in effect, been the case with Kepler and clearly with
Galileo, motion was slowed so that it could be more precisely measured
and its nature and effects determined.

New Methodologies in Natural Philosophy

The early seventeenth century saw increasing attention paid by
natural philosophers to determine the best methods for gaining new
knowledge about the natural world. The traditional means of explain-
ing natural events proposed by Aristotle was that for every event there
were four causes, involving the substance of the object undergoing
change, its form, an action initiating the change, and a final cause or
purpose. In the early seventeenth century the notion of Aristotle’s four
causes slowly began to be replaced by the elimination of three of the
causes, particularly the final one, and retaining the immediate action
as the sole cause. Increasingly, that immediate cause came to be thought
of as analogous to mechanical causes, such as those operating in ma-
chinery and most notably in clocks. An influential figure in the shift
into what came to be known as mechanical philosophy was René
Descartes. Descartes insisted that matter moved only when moved by
other matter.

Aristotle’s theory of knowledge held that newly discovered facts
could be explained by seeing how they were related to certain univer-
sal principles governing nature. Statements about such facts could be
seen as true or not according to whether they logically followed from
their relationship to a certain class of absolutely known principles, em-
bodied in logical relationships known as syllogisms. For example: All
mammals have breasts; whales have breasts; therefore all whales are
mammals.

It was in the early seventeenth century that the logical certainty
characteristic of the syllogism was slowly coming to be seen as inade-
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quate for the discovery of new knowledge. Francis Bacon (1561–1626)
challenged Aristotelian methodology and insisted on the importance of
discovering new facts about nature, collecting as many as possible
about the phenomena under investigation. By a process of induction,
this would lead to new principles about the natural world. The result
would be the growing advancement of knowledge by scientists spe-
cializing in the acquisition of such collections of fact. Bacon further
proposed a model for a research institution to carry out such studies.

Experiments and more detailed observations were now being un-
dertaken to learn new things about motion and physiology. In 1600
William Gilbert (1544–1603) had published a work on the magnet, in
which he detailed a number of experiments illustrating the properties
of magnetism. Galileo’s precisely measured observations of falling bod-
ies were a pioneering effort at what would increasingly become a goal
of scientific investigation. The certainties of mathematics, where ap-
plicable, were beginning to be substituted for the certainties of logic.
Gradually, it was recognized that relationships in the natural world
could be seen as valid, true, probable, or useful, even if not absolutely
certain.

In the early seventeenth century, a number of new instruments
and means of calculation were invented, thus greatly enhancing the role
of measurement and greater precision in the gaining of new knowledge.
These inventions included the telescope, the microscope, heat-
measuring devices, the air-pump, the barometer, the military compass,
logarithms, the slide rule, and calculating machines. Decimal fractions
were also beginning to be employed. The telescope and the microscope
led immediately to the discovery and exploration of wholly new realms
beyond the reach of the unaided senses.

Scientific Communication

The promotion of the new scientific ideas had begun earlier in the
century with the creation of societies and organizations to discuss them
and with the establishment of lectureships in the sciences. The idea of
providing knowledge to a wider audience than students attending uni-
versities began with the establishment of an institution in Paris in 1530,
later called the Collège Royal. In the early seventeenth century associ-
ations were formed in Rome, London, Oxford, and Paris to explain new
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ideas in natural philosophy to a general audience. Practitioners in var-
ious branches of natural philosophy established correspondence net-
works for the exchange of information and to debate the new ideas. All
these new discoveries and practices clearly define the first few decades
of the seventeenth century as the heart of the transformation of the sci-
ences known as the Scientific Revolution.

It must be noted, however, that in this period the revolutionary
changes in thought about the nature of the world were far from read-
ily and universally accepted. Natural philosophy was in flux, and
doubts persisted about the profound changes in viewpoint demanded
by the new philosophy. As John Donne (1572–1631) wrote in his
Anatomie of the World:

The new philosophy calls all in doubt,
The element of fire is quite put out;
The sun is lost and the Earth, and no man’s wit
Can well direct him where to look for it.
And freely men confess that this world’s spent,
When in the planets and the firmament
They seek so many new; then see that this
Is crumbled out again to his atomies.

Reception and Development of the New Philosophy

The second half of the seventeenth century built on and extended
the achievements and practices of the first half. New ideas began to
reach a wider audience. Scientific societies were organized by govern-
ments and began to play significant roles in the conduct of experi-
mentation in new areas. Acquaintance with the new scientific ideas
became a requirement for the social elites of Europe, and works of pop-
ular science appeared in the languages of Europe rather than in the tra-
ditional Latin of the learned classes.

The Physical Sciences

Acceptance of the Copernican theory, as modified by Kepler, grew
in the second half of the seventeenth century. It was increasingly rec-
ognized that planetary orbits were not circular, and that planets did not
move equal distances in equal times. New astronomical tables, based
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on improvements of Kepler’s Rudolphine Tables of 1627, were published.
Planetary position and various astronomical phenomena, such as
eclipses, were predicted and observed more accurately with improved
telescopes. Important new optical discoveries were made, and new the-
ories were proposed about the nature of light and colors, and on the
transmission of light. The finite velocity of light was discovered through
astronomical observation, and it was discovered by experimental means
that white light is composed of a mixture of colors. The refractive in-
dexes of a number of substances were established more accurately.

In mechanics, studies were undertaken on the behavior of bodies
under impact and on laws governing revolving bodies. The concept of
a common center of gravity for neighboring masses was proposed.
Roles for attraction and inertia were explored as possible explanations
for planetary motion. Ideas that had been put forward earlier by
Galileo, Kepler, Descartes, Christiaan Huygens (1629–1695), and Rob-
ert Hooke (1635–1703) were some of the components of the new and
universally applicable laws advanced by Isaac Newton toward the end
of the century.

The nature of matter continued to be explored. A variety of par-
ticulate theories were proposed to help explain various properties of
matter such as density, solidity, and temperature. Belief in the existence
of vacuums was strongly reinforced by a series of experiments with
pumps drawing air out of sealed chambers. Alchemy remained very
much alive and influential. Robert Boyle (1627–1691) and Newton
were among its most avid practitioners.

The Life Sciences

The achievement of William Harvey on the circulation of blood
was rather quickly adopted and was followed by new discoveries in
anatomy and physiology. New taxonomies for animals and plants took
into better account the results of detailed examination of fauna and
flora and the continuing discoveries of new species in various part of
the world. The discoveries of micro-organisms never before known and
of minute details of anatomy and physiology in various living things
were made possible by the expanding use of the microscope. New the-
ories about the nature of reproduction were debated, and studies in
comparative embryology were undertaken. Attempts were made to un-
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derstand the structure and behavior of animals and plants on analogy
with mechanical and chemical processes.

Universities and the World of Learning

The universities of Europe, whose task had been seen as passing
on to their students the well-established knowledge attained in earlier
ages, were being very slowly transformed from teaching modified Aris-
totelian ideas, accompanied by new approaches characteristic of the
Renaissance, into institutions in which the new natural philosophy was
beginning to find a home. There were now a few professors on uni-
versity faculties who were active participants in developing the new
philosophy. The empirical successes of Keplerian Copernicanism re-
sulted in its becoming part of astronomical teaching in some universi-
ties, although sometimes with reservations. Galileo’s ideas on motion
were also beginning to be taught. Medical teaching reflected the dis-
coveries of Vesalius, Harvey, and others.

Scientific societies for the purpose of advancing science were cre-
ated with sets of rules and restricted memberships. In 1660 an associ-
ation called the Society for the Promotion of Natural Knowedge was
organized in London. In 1662, upon receipt of a royal charter, it be-
came the Royal Society. Shortly afterward the Royal Academy of Sci-
ences was established in France. The purpose of both was to advance
science in all its branches. Both issued periodic journals, which were
distributed throughout Europe and to which individuals from various
parts of Europe contributed. Membership was offered to outstanding
scientists from abroad; the Royal Academy did likewise. The rulers of
Britain and France established national observatories for the advance-
ment of astronomy.

Religious Responses to the New Philosophy

The idea of a warfare between science and religion was common
in the nineteenth century but was completely absent in the Early Mod-
ern period. All natural philosophers were religious and sought to rec-
oncile the new natural philosophy and traditional religious beliefs.
Apparent contradictions of certain biblical passages, such as the idea
of the Earth’s motion and hypotheses that the Earth was older than a
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few thousand years and that it had come into existence through a pro-
cess of cosmic evolution, were explained by assertions that there are
two God-given books—Holy Scripture and the Book of Nature. By
learning more about the latter, we could learn more as well about the
nature and works of God and be brought closer to Him.

The mechanical philosophy, however, with its goal of developing
a self-regulating system of natural laws, was challenged as denying a
role for God once He had created the universe. There seemed nothing
left for divine Provenance. The Cartesian position that the creation of
matter and motion and the laws governing their behavior were suffi-
cient for understanding all natural phenomena was modified by some
to include a role for “active principles,” spiritual in nature, to account
for the motion of bodies. Theological opinions had in a very few cases
helped shape new concepts in natural philosophy, but the converse
would become increasingly important.

Experimentation

Experiments played an increasingly significant role in the evolv-
ing nature of natural philosophy during the seventeenth century. The
notion that one must do things, to operate upon nature, to intervene
in the physical world, had grown with the increasing influence of magic
and alchemy, with the achievements of Galileo, and with the assertions
of philosophers such as Bacon that it was necessary not only to observe
the world around us but also to wrest knowledge from it.

Novel experiments were conducted in mechanics, particularly on
the results of impact. Christiaan Huygens corrected some of Descartes’
conclusions and further advanced the laws of collision and the prin-
ciple of inertia. He also demonstrated that the back and forth motions
of a pendulum, whatever their lengths, are truly isochronous only when
moving in a cycloidal path. Showing how to make a pendulum move
in such a path, Huygens created the first precise clock, increasingly im-
portant for the role of precision in the sciences. He examined the na-
ture of a body in uniform circular motion and determined what he
termed its centrifugal force.

Experimentation was especially important in the development of
pneumatics. Miners had long known that water could not be pumped



Historical Overview 17

more than about thirty-two feet, and some began to question why. Be-
ginning about the middle of the seventeenth century, a series of ex-
periments led to the conclusion that the air had weight, and that weight
lessened with a rise in altitude. It was further demonstrated that air
had pressure, that it would increase as air was compressed, and that its
pressure was proportional to its volume. The invention of the air pump
led to debates among Aristotelians, Cartesians, and atomists about the
existence of a vacuum in chambers evacuated of air.

Experiments were conducted on the nature and propagation of
light. Isaac Newton showed by a series of experiments with prisms that
white light is composed of a spectrum of colors from red to violet. A
hypothesis about the propagation of light in waves was put forward by
Christiaan Huygens. Newton determined the minimum sizes of differ-
ent light waves. Theories of the nature of light, however, as particulate
or as waves existed side by side.

New Instruments and Their Discoveries

There were important improvements in telescopes in the second
half of the seventeenth century. For the Galilean telescope, with con-
vex lenses at either end, was substituted telescopes based on ideas in
Kepler’s book on the optics of refraction. A Keplerian telescope, with
a convex object lens and a concave eyepiece, was better suited for as-
tronomical observation, since it showed a greater field of view. More-
over, it allowed the insertion in its tube of a micrometer, invented
independently in England and in France. This measuring device pro-
vided significantly greater precision in the measurement of celestial
angles, resulting in the ability to predict astronomical events more ac-
curately.

The microscope became a more effective instrument through the
grinding of better lenses, which permitted sharper focus, and the ad-
dition of a mirror to provide a sharper image. The most important dis-
coveries, however, were made by Antoni van Leeuwenhoek (1632–
1723), the finest grinder of lenses. The microscope revealed that plants
were composed of cells. Innumerable new living beings were discov-
ered, as were human spermatozoa and eggs. New discoveries contin-
ued to be made in anatomy, physiology, and embryology.
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Mathematics

Mathematicians continued to make new discoveries. Analytic
geometry was furthered by development of the concept of the analysis
of curves by algebraic means, using equations with two unknowns. The
concept of infinitesimals led to the most important development in
mathematics: the independent development of the calculus by Gott-
fried Wilhelm Leibniz (1646–1716) and Newton. The use of calculus
permitted the subsequent analysis of motion in astronomy and physics
in very significant ways.

The Newtonian Universe

The achievements of Isaac Newton in astronomy, mathematics,
and optics were the culmination of the discoveries and practices in the
physical sciences of the previous century and a half. Newton’s three
laws of motion and the law of gravitation have played a dominant role
in physics ever since he advanced them in 1687. The earlier discover-
ies in mechanics of Galileo, Descartes, and Huygens and in astronomy
of Kepler were brought together in a unified system of universal laws.
The Newtonian concepts of space, time, mass, and force embodied in
his laws of motion became essential concepts for the subsequent de-
velopment of mechanics. Newton’s laws of motion and the law of grav-
itation enabled astronomers to plot the positions of celestial bodies
with much greater precision. His discoveries in optics and mathemat-
ics likewise provided the foundations for further advancements in those
areas. The work of Newton marks a fitting close to the era of the Sci-
entific Revolution and the birth of modern science.



For the ancient Greeks, the traditional function of astronomy was to ob-
serve the celestial bodies systematically in order to develop geometrical
techniques for the creation of tables that could be used to predict the po-
sitions of the Sun, Moon, and planets at different times of the year, as well
as certain astronomical phenomena such as eclipses. The causes and ex-
planation of celestial motions and appearances was the province of the
natural philosopher or physicist, rather than the astronomer. This dis-
tinction would be eliminated in the course of the seventeenth century,
and astronomers began to deal with both the prediction of the positions
of objects in the heavens and larger cosmological issues.

The conception of the nature and structure of the universe as
taught by Aristotle was dominant until the sixteenth century, as were
the types of geometrical models employed by Claudius Ptolemy some
centuries later. The work of Copernicus, however, set a new agenda for
astronomers. It was followed by increased questioning of Aristotelian
and Ptolemaic conceptions and practices, based on more precise obser-
vations than in the past, the revelations of the newly invented telescope,
and new theories about the nature and causes of planetary motions.

The Universe of Aristotle and Ptolemy

The Aristotelian universe was finite, spherical, and eternal; me-
dieval Aristotelians, however, both Muslim and Christian, conceived
the universe as having been created. The Earth was at its center, and
the Moon, Sun, planets, and the sphere of stars all revolved around it.
The celestial bodies were each moved about the Earth by a number of
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uniformly rotating homocentric spheres. Unlike motions on the Earth
or below the sphere of the Moon, the heavens were composed of a per-
fect and unchanging substance—the aether, or quintessence, in which
all motions were circular and uniform.

Observations of the night sky had been undertaken by the ancient
Greeks before Aristotle, and with much greater attention to detail after
him. It was clear that the motions of the objects in the sky as observed
did not entirely conform to Aristotelian principles. It was obvious, for
example, that the notion of uniformly rotating homocentric spheres
could not account for the varied lengths of the seasons and the appar-
ent changes in planetary distances from the Earth. Changes at differ-
ent times in the brightness of the planets and the apparent sizes of the
Sun and Moon contradicted the idea that they were equidistant from
the Earth at all times. Aristotle’s principles, nevertheless, were held to
be true. In the practice of astronomy, however, some Aristotelian prin-
ciples were ignored in order to predict, as effectively as possible, the
positions of celestial objects. The greatest achievements in the ancient
world in that effort were those of Claudius Ptolemy, who built upon
and improved the work of his astronomical predecessors.

Ptolemaic Astronomy

The variation in length of the seasons and the apparent changes in
the distances of the planets from the Earth at different times were ac-
counted for geometrically by having the Sun and planets revolve uni-
formly about points a slight distance from the center of the Earth. Seen
from the Earth, the celestial bodies, moving in their eccentric circles,
therefore appear to move at different speeds at different times of the year.
In addition, all the planets are seen periodically to reverse the directions
in which they had been moving and then to resume their usual motions.
These retrograde motions and the apparent changing distances of the
planets and the Moon from the Earth were geometrically described by
having them move uniformly on epicycles—circles whose centers were
carried about on a deferent—a uniformly revolving eccentric circle.

To these techniques, Ptolemy, to further improve the accuracy of
his geometrical calculating devices, added an equant, a point not at the
center of an orbit, about which a planet moved uniformly.

These were all described in Ptolemy’s chief work on astronomy,
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which came to be known in the West by its Arabic title, Almagest. It
remained the chief authority in astronomy for several centuries.

Ptolemaic Astrology

Ptolemy was also the author of the principal text in astrology,
Tetrabiblos (Four Books). The determination of future events through
observation of the orientation of the celestial bodies to one another had
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2.1 The Sun revolves uniformly about C, the center of its
deferent. As seen from the Earth at E, however, the Sun ap-
pears to move more slowly from S1 to S2, near the Earth,
than from S3 to S4, when it is farther from the Earth. A
planet, moving uniformly on its epicycle will appear at P1 to
be moving in the same direction as it normally does in the
course of its revolution; but at P2 on its epicycle, it will ap-
pear for a short time to be moving in the opposite direction.
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a lengthy history. Considered a branch of astronomy, astrology required
the ability to determine the positions of the planets in the past or to
forecast them. Natural astrology was concerned with forecasting the
weather, the fates of kingdoms, and catastrophic events. Judicial as-
trology was concerned with the future of individuals, or their medical
prospects, and required the plotting of horoscopes based on the mo-
ment of birth of the individual, or of his medical condition. Astrology
became part of university curricula in the course of the Renaissance.

Efforts to Improve Ptolemaic Astronomy

In the Middle Ages and the Early Modern period astronomers fre-
quently tinkered with the Ptolemaic devices to improve the accuracy
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2.2 Angle a at the equant, Eq remains uniform throughout the mo-
tion of the planet P1 on its deferent, whose center is at E, the
Earth. As the planet approaches P2, its motion as seen from the
Earth would appear more rapid than at P1.
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of their predictions. As the states of Western Europe began increasingly
to engage in commercial sea voyages, the accuracy of astronomical
tables became more important because of their use in navigation. In
the thirteenth century King Alfonso X of Castile commissioned the cre-
ation of more accurate tables than those in use, and the Alfonsine
Tables, named for him, were widely used until the later sixteenth cen-
tury. In the fifteenth century European astronomers began to pay
greater attention to the details of Ptolemy’s Almagest. It became avail-
able in its original Greek, and a new translation, along with a manual
explaining its use, was published. Astronomical observation, which
had seriously lagged in the Middle Ages, was resumed, and useful data
collected.

The geometrical procedures employing eccentrics, epicycles, and
equants, however useful for the prediction of planetary positions, if
taken to represent the real motions of the planets, contradicted the
Aristotelian concept of the nature of the universe. The apparent loops
in their orbits made by the planets in their retrograde motions and their
apparent changing distances from the Earth were inconsistent with the
principle of planetary motion from the center of the Earth at all times.
Eccentrics and epicycles, however, did maintain the principle of uni-
form circular motion as characteristic of celestial events. The equant,
in contrast, came to be seen as violating the principle of uniform mo-
tion because its planet’s uniform motion about a point not at the cen-
ter of an orbit meant that the planet did not move uniformly with
respect to the Earth.

The relationship between the useful geometrical calculating de-
vices of the astronomers and the physical principles of the physicists
remained a puzzling problem throughout the Renaissance. Although
astronomy as an observational and predictive science was based on an
assumption of certain physical principles—namely, the Earth at the
center of the universe, and uniform circular motion in the heavens—
it came to be thought of as a kind of applied mathematics. The real na-
ture of the universe and of celestial events was seen as the province of
the natural philosophers. It is not entirely clear, however, that this dis-
tinction was universally accepted. This distinction was an issue for
some Muslim astronomers, and it would be an important one for
Copernicus.
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The Reform of Astronomy

Copernican Astronomy

Nicolaus Copernicus learned Aristotelian philosophy as a univer-
sity student and also made himself a master of Ptolemaic astronomy,
but elements of his proposed new astronomy violated some of the prin-
ciples of both of his ancient predecessors. Among the aims in his goal
of reforming astronomy were the elimination of the equant and the cre-
ation of a unified system to replace the individual independent calcu-
lating devices for each of the planets. In Ptolemaic astronomy a change
in the parameters of one planet had no necessary effect on those of the
others. Copernicus’ system, however, was a unified one where the re-
lations among the planets constituted a whole. Moreover, Copernicus
wished to show how certain coincidences resulting from Ptolemy’s pro-
cedures could be seen as consequences of his own system. He never-
theless continued to employ eccentrics, epicycles, and uniform circular
motion in his heliocentric system. Copernicus asserted that he would
be satisfied if his system were able to produce results as accurate as
Ptolemy’s. In his elimination of the equant, Copernicus employed a
geometrical device earlier used by a Muslim astronomer; it is unknown
how he became acquainted with it. He also continued to have the plan-
ets riding on spheres. The earliest version of his ideas was in an anony-
mous manuscript entitled Commentariolus (A Little Commentary),
which was circulated among a few individuals.

Copernicus ascribed three motions to the Earth, now conceived
as revolving about the motionless Sun. His system was not truly he-
liocentric, for the planets along with planet Earth revolved about the
center of Earth’s orbit, which was slightly distant from the Sun. The
Earth also rotated; this accounted for day and night and the apparent
daily motion of the Sun across the sky. Because the Pole Star retained
its position in the northern part of the sky in the course of the annual
revolution of the Earth, which rested on the surface of a sphere, it was
necessary for the North Pole of the rotating Earth also to rotate in a
small circle in the course of a year in order to keep pointing to the
Pole Star.

The advantages of Copernican astronomy were several. In Ptole-
maic astronomy, the positions of the Sun, Mercury, and Venus relative
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to the Earth were indeterminate; it was unclear whether the orbit of
the Sun was above or below those of the two planets. In the Coperni-
can system their distribution was unambiguous. While the outer plan-
ets could be seen in conjunction with the Sun, or at any angle up to
180° from it, Mercury was never seen farther from the Sun than at a
maximum of about 28° and Venus at 48°. It was now apparent, with
Earth as the third planet revolving about the Sun, why this was so. Fur-
ther, the retrograde motions of the planets could now be explained as
caused by Earth moving more rapidly than the inner planets and over-
taking in its annual motion the slower-moving Mars, Jupiter, and Sat-
urn. In Copernicus’ system there were six planets, not only the five
observable with the naked eye. The nature of the planetary retrograde
motions, as well as the sizes and times taken to complete the orbits of
the planetary epicycles, could now be seen as reflecting the orbit of the
Earth. Epicycles were therefore no longer necessary to fulfill the func-
tions for which they had been invented. Copernicus retained them,
however, solely for the purpose of the better prediction of planetary
position. Finally, the Copernican system made it possible to determine
the relative distances of the planets as proportions of the distance of
Earth from the Sun.

Publication and Initial Reception of Copernicus’ Work

In 1539 Copernicus was visited by Georg Joachim Rheticus
(1514–1574), a young astronomer from the University of Wittenberg
who had heard rumors about Copernicus’ ideas. He became an early
convert and urged Copernicus to publish. Concerned about the re-
sponse to his radical ideas, Copernicus agreed to have Rheticus pub-
lish a preliminary account, which Rheticus did in 1540 in a work titled
Narratio prima (A First Account). Its reception was favorable enough
for Copernicus to agree to publish his full theory. Rheticus oversaw the
printing of the first part of the manuscript, but the remainder of the
task of supervising its publication was left to Andreas Osiander
(1498–1552), a Lutheran minister. In an anonymous foreword to
Copernicus’ De revolutionibus orbium caelestium (On the Revolutions of
the Celestial Orbs), Osiander said that its geometrical techniques were
an improvement over Ptolemy’s, but that the arrangement of the heav-
enly bodies in the work was not to be taken as reflecting reality. This
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argument was not the opinion of Copernicus or Rheticus. The book
was published in 1543 and reached Copernicus as he lay dying. In 1551
Erasmus Reinhold (1511–1553), using Copernican models, published
his Prutenic Tables, which were increasingly adopted as an improve-
ment over the Alphonsine Tables.

Very few readers of the De revolutionibus during the sixteenth cen-
tury disagreed with Osiander’s opinion. Yet the work was read by most
astronomers, and many of them noted their comments on various parts
of the text in their copies. It was reprinted in 1566, and it continued
to receive detailed analysis throughout the second half of the sixteenth
century. Astronomers at the University of Wittenberg, the chief insti-
tution of Lutheran higher education, gave it considerable attention. 
Although Copernicus’ heliocentrism was not accepted by those as-
tronomers, his lunar theory, his elimination of the equant, and the
tables derived from his work were considered an improvement over
Ptolemy.

Problems of the Copernican System

Objections to its heliocentrism were both physical and religious.
It clearly conflicted with a literal interpretation of passages in the Bible,
but religious objections played no significant part in its reception until
the early seventeenth century. Objections on physical grounds, how-
ever, were important. If the Earth rotates, why aren’t we and objects on
its surface thrown off? Why don’t objects thrown aloft land to the west
of the point from which they were thrown? And if the Earth revolves
around the Sun, a star should be seen at slightly different angles when
observed six months apart.

Such changes could not be observed, and they would not be until
the nineteenth century. If Venus indeed circles the Sun, its brightness
should vary considerably between its farthest and closest distances
from the Earth; but it does not. Since, according to Aristotle, heavy
bodies tend to fall to the center of the universe, which is also the cen-
ter of the Earth, how do we explain falling bodies on an Earth revolv-
ing around the Sun?

To these objections Copernicus answered that objects on the
Earth and those thrown aloft participate in the rotating motion of
the Earth, giving them the ability to remain on the Earth or to re-
turn to the spot from which they had been thrown upward. The
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different angles at which a star is observed at six-month intervals are
unobservable because the stars are much farther away than had been
thought. The angles are too small to be observed by our instruments.
Changes in the brightness of Venus do not show considerable vari-
ation because Venus has phases unobservable by us, and these phases
are reduced in size as the planet approaches the Earth. Bodies fall to
the center of a revolving Earth, according to Copernicus, because of
a tendency for bodies separated from a globe to return to that globe
when permitted to fall.

Tycho Brahe and Geoheliocentrism

A few individuals thought Copernicus’ hypothesis worth consid-
ering, but converts were rare. The most important astronomer after
Copernicus, Tycho Brahe (1546–1601), was not among them. He de-
voted his life to the reformation of astronomy and held the most im-
portant consideration in that enterprise to be the creation of a series of
new and precise observations of celestial bodies. Brahe’s observations
of a nova that suddenly appeared in 1572 and of a comet in 1577 clearly

2.3 A star’s different angles while the Earth revolves
around the Sun.
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showed that they were beyond the sphere of the Moon. Similar con-
clusions by other astronomers were important examples of a challenge
to the traditional separation in function between the physicist and the
astronomer; observations by astronomers had challenged a long-
established principle of celestial physics. These observations seemed to
contradict Aristotle’s ideas that the region beyond the Moon was
changeless and that comets were sub-lunar phenomena. They eventu-
ally resulted in the abandonment of the concept of celestial spheres.

With the grant of an island just off Copenhagen by Frederick II,

2.4 Tycho Brahe seated among his instruments and as-
sistants at Uraniborg. From Brahe’s Astronomiae instau-
ratae mechanica (1598).
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the King of Denmark, Brahe built an observatory, Uraniborg (Castle of
Astronomy), which he staffed with assistants, a printing press, and in-
struments capable of the most precise measurements.

In the course of about two decades Brahe made a series of the
most detailed and continuous observations of the celestial bodies ever
carried out. Among Tycho’s astronomical achievements was an im-
provement in the ability to predict the positions of the Moon. With the
accession to the throne of a new Danish king, Brahe was forced to leave
Uraniborg; in 1599, and under the patronage of the Holy Roman Em-
peror, Rudolph II, he moved to a castle near Prague.

Many who rejected the Copernican theory, Tycho Brahe among
them, nevertheless recognized that its advantages over Ptolemaic as-
tronomy required a rethinking of the structure of the cosmos. Tycho
could not accept the substitution of the Sun for the position of the
Earth at the center of the universe, and he proposed a theory, known
as geoheliocentrism, in which all the planets revolve around the Sun,
which, in turn, revolves around the motionless Earth. This and a few
similar geoheliocentric theories were seen for a few decades as a suit-
able alternative to the Ptolemaic and Copernican theories.

The Early Copernicans

Copernicus’ ideas impressed a few contemporaries, including
some officials of the Catholic Church, but of those competent in as-
tronomy, Rheticus must be seen as Copernicus’ first disciple. In the lat-
ter half of the sixteenth century, Thomas Digges (c. 1546–1595), was
one of the few individuals open to the Copernican theory. He had care-
fully observed the nova of 1572 and concluded that it was beyond the
sphere of the Moon. His A Perfit Description of the Caelestiall Orbes of
1576 included an English translation of parts of Book I of Copernicus’
De revolutionibus. It also had a diagram showing the stars infinitely ex-
tended and at varying distances from the Sun.

It may have been during a visit to England in the mid-1580s that
Giordano Bruno (1548–1600), a Dominican monk who had begun to
question certain Catholic theological opinions, first encountered the
Copernican theory and the idea of an infinite universe. He published
several works, the best known of which was La cena de le ceneri (The
Ash-Wednesday Supper, 1584), giving his theological interpretations of



SCIENTIFIC REVOLUTION AND THE FOUNDATIONS OF MODERN SCIENCE30

2.5 Thomas Digges’ diagram of the stars.

the ideas of Copernicus, of an infinite universe and a plurality of
worlds. After being imprisoned for several years and having been sen-
tenced by the Inquisition, Bruno was burned at the stake in 1600 as a
heretic, but not, it appears, for his Copernican beliefs.

Simon Stevin (1548–1620), who made important contributions to
engineering, mechanics, mathematics, hydrostatics, and many other
areas, was the first Copernican in the Low Countries. He published a
book, De hemelloop (On Astronomy), in 1608, in which he showed the
superiority of Copernicus’ heliocentric theory over Ptolemy’s geocen-
trism and made some slight improvements in the former. Stevin was
but one of a small minority of heliocentrists in the first few decades
after the publication of Copernicus’ path-breaking work.
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Copernicanism Revised and Improved

Johannes Kepler, Planetary Orbits, and Their Causes

Among the few who accepted Copernicanism in the late sixteenth
century were Michael Mästlin (1550–1631), professor of mathematics
at the University of Tübingen, and his student Johannes Kepler
(1571–1630). Kepler went beyond his teacher’s Copernicanism in in-
sisting that part of the astronomer’s job was to try to account for not
only how the planets moved but also why they did so. For Kepler the
chief means to account for the motions of the planets lay in the nature
of the Sun and in harmonic principles. His first book, Mysterium cos-
mographicum (The Cosmographic Mystery), published in 1596, held
that the six planets and their distances from the Sun were related to
the five perfect solids, and that the Sun played a role in the movements
of the planets. After Tycho Brahe left Uraniborg and moved to Prague,
Kepler joined him as an assistant. Upon Tycho’s death, Kepler acquired
his observations, which proved decisive for his reformation of astron-
omy.

Kepler made significant changes and modifications in Coperni-
cus’ theory. He published Astronomia nova . . . seu physica coelestis (A
New Astronomy . . . or Celestial Physics) in 1609, based on his
analysis of the orbit of Mars. In subsequent works, he applied his
discoveries to the rest of the planets. The Sun played a special role
in Kepler’s astronomy. Kepler discovered that each of the orbital
planes of the planets intersected the Sun, and that the Sun lay in one
of the foci of each of the elliptical orbits in which all the planets
moved. Furthermore, an imaginary line from the Sun to a planet
swept out equal areas in equal times. Planetary motion was therefore
not uniform, but more rapid when close to the Sun, and slower when
distant from it.

The Sun was also the cause of planetary motion. Kepler hypoth-
esized that the Sun rotated and emitted quasi-magnetic forces that
swept the planets around, alternately attracting and repelling them,
thereby accounting for their elliptical orbits. Kepler also held that the
tides are caused by the attraction of the Moon. He later discovered a
mathematical law uniting all the planets of the solar system: that the
cubes of each of the planetary distances were proportional to the
squares of the times taken to complete their orbits. Here again, as in
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his earliest work, harmonics and harmonic proportions were influen-
tial in Kepler’s thinking.

Reception of Keplerian Astronomy

As had been the case with Copernican theory, Keplerian astron-
omy was slow to be accepted. Copernicanism was still rejected by most
astronomers in the early years of the seventeenth century. Kepler’s area
rule of planetary motion—that a line from an orbiting planet to the Sun
sweeps out equal areas in equal times—could not easily be applied geo-
metrically; it required the use of approximation, a method thought to
be inappropriate in astronomy. Furthermore, Kepler’s speculations on
the cause of planetary motion was also thought be an inappropriate
part of the science of astronomy.

An important consideration in the subsequent acceptance of Ke-
pler’s astronomy were the empirical successes of his Rudolphine Tables,
named for his patron, derived from his theory, and published in 1627.
The tables predicted planetary positions and celestial events such as
eclipses and the passage of Mercury across the face of the Sun more ac-
curately than any other tables then in use. By the middle of the seven-

S

2.6 The Sun in one of the foci of an elliptical orbit. A radius vec-
tor from the Sun to a planet sweeps out equal areas in equal times.
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teenth century, many astronomers had been won over to planetary el-
lipses, non-uniform motion, and a role for the Sun in moving the plan-
ets. Kepler’s elimination of epicycles and the geometrical complexities
employed by earlier astronomers were also noted as praiseworthy.

Galileo, the Telescope, and a New Mechanics

Another early Copernican, Galileo Galilei (1564–1642), however,
was not convinced either of elliptical orbits or of the attractive powers

2.7 The frontispiece of Kepler’s Rudolphine Tables
(1627). The pillars of the temple show who Kepler
thought were the most important astronomers before
him. Instruments used in astronomy are also displayed.
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of the Sun or Moon. His construction and use of a telescope, after his
having heard that one had recently been invented, played a very im-
portant role in the further weakening of Aristotelian natural philoso-
phy and the promotion of Copernicanism. Turning his telescope to the
heavens in 1609, Galileo saw that the planets were more than points
of light, that the Moon had mountains rather than a smooth surface,
that Jupiter had moons, and that there were innumerably more stars
than could be seen with the naked eye, raising the possibility that the
stars were much farther than had long been thought. In the next few
years it was discovered that Venus had phases, an observation discred-
iting the astronomy of Ptolemy, but not of Tycho Brahe. These findings
were published in 1610 in a short treatise called Sidereus nuncius (The
Starry Messenger). Galileo and others also discovered spots on the Sun.
The observed movements of sunspots across the face of the Sun in the
course of about a month, and the movements of the planets in their
orbits in the same direction as the sunspots, led Galileo to hint at a
role for the Sun in moving the planets; unlike Kepler, however, he re-
fused to speculate further.

Galileo attempted to prove the motion of the Earth by showing
that the tides could best be explained by the Earth’s daily rotation and
annual revolution. He was unsuccessful in this endeavor, but the pub-
lication in 1632 in Italian of his Dialogue on the Two Great World Sys-
tems—Ptolemaic and Copernican indirectly made a strong case for the
Copernican theory.

The publication of this work led to Galileo’s trial by the Inquisi-
tion for heresy; he was accused of having violated an earlier injunction
forbidding the teaching of the Copernican theory. Galileo was forced
to deny the Copernican theory and was confined for the rest of his life
to his home near Florence. His Dialogue and Copernicus’ and Kepler’s
works were placed on the Index of Prohibited Books; the Church for-
bade Catholics to read them without special permission. Galileo wrote
nothing more on astronomy and cosmology, but he published his dis-
coveries in the science of mechanics in his Dialogues on Two New Sci-
ences (1638). In this work Galileo answered a number of objections to
the idea of the Earth’s motion and demonstrated how the Earth could
rotate without flinging off objects on its surface.
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New Thoughts about Celestial Motions

On the Causes of Planetary Motion

During Galileo’s lifetime a few others promoted the Copernican
theory or its Keplerian version with their own work. Ismaël Boulliau
(1605–1694) accepted Kepler’s elliptical orbits because of the improved
accuracy shown by the tables based upon them but rejected his area
rule and proposed cause of planetary motion. Jeremiah Horrocks

2.8 The title-page of Galileo’s Dialogue, showing the
three individuals—an Aristotelian, a Copernican, and
an open-minded individual—whose discussions covered
significant issues in debates on the nature of the uni-
verse.
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(1618–1641), a committed Keplerian, through his corrections to Ke-
pler’s tables based on his own observations, was the first to predict and
observe in 1639 the rare astronomical event of a transit of Venus across
the Sun. His theory of the Moon was the most effective of its time, and
he proposed a mechanical explanation instead of Kepler’s magnetic hy-
pothesis of the cause of planetary motion. Another figure important in
the transmission of the new astronomy was Giovanni Alfonso Borelli
(1608–1679). Familiar with the work of both Galileo and Kepler,

2.9 Descartes’ celestial vortices. Note that he has a
planet moving in an elliptical orbit about the Sun.
From Descartes’ Principles of Philosophy.
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Borelli proposed that the planets tend to fly off from their orbits, but
are attracted by the Sun, and are thus kept in orbital motion.

René Descartes (1596–1650), a Copernican who was familiar with
Kepler’s and Galileo’s ideas, rejected the idea of attraction and forces.
He held that the solar system, completely filled with imperceptible mat-
ter, was analogous to a whirlpool in which the planets, like something
fallen into a whirlpool, are swirled around. Descartes also developed
the idea of inertia—that all bodies in motion continue to move uni-
formly in a straight line unless struck or impeded by another body, a
concept that would prove important in later theories of planetary mo-
tion.

Astronomers who accepted elliptical orbits had trouble dealing
with Kepler’s area rule. To carry out the necessary calculations for the
production of astronomical tables, a number of them adopted the prac-
tice of assuming that a planet moved uniformly about the empty focus
of its elliptical orbit; others employed epicycles to generate elliptical
orbits. Nonetheless, by the 1670s it was fairly well accepted that as-
tronomers must concern themselves with the means of behind plane-
tary movements as well as the ability to predict them.

Newton, Universal Laws of Motion, and Universal
Gravitation

The causes of planetary motion were beginning to receive a good
deal of attention by natural philosophers in the 1660s and 1670s. Rob-
ert Hooke (1635–1703) proposed that the planets were moved by both
the principle of inertia and a centripetal force, a tendency to be at-
tracted to the Sun. A few years later he suggested that the attractive
force from the Sun operated according to the inverse-square of its dis-
tance. Edmond Halley (c. 1656–1743) showed that a comet becoming
visible in 1680, moved in a parabolic orbit, was a periodic phenome-
non and would return in about seventy years. His interest in the causes
of celestial motions led him in 1684 to suggest to Isaac Newton that
he try to prove mathematically how elliptical orbits could be derived
from an inverse-square law of attraction and the principle of inertia.
Newton undertook the task suggested by Halley, and the results were
published in 1687 in his Philosophiae naturalis principia mathematica
(Mathematical Principles of Natural Philosophy). In it Newton put for-
ward what have become known as his three laws of motion and the



law of universal gravitation, that all bodies in the universe attract all
others with a force depending on their masses and the inverse-square
of the distance between them. Even the Sun was no longer seen as mo-
tionless, since it both attracted the planets and was attracted by them.
The tendency of bodies revolving about the Sun, when unconstrained,
to fly off in straight lines with uniform motion, according to Newton’s
first law—the principle of inertia—was counteracted by their attraction
by the Sun. The work demonstrated that under different conditions, all
celestial bodies could be seen as moving in various curvilinear paths,
including ellipses and parabolas. Space, time, force, and mass became
fundamental components in efforts to explain motions in both the
heavens and the Earth.

Summary

The transformation of concepts about the nature and structure of
the universe began with increased attention to the relationship between
ideas about the causes of the celestial motions and the geometrical cal-
culating techniques used for predicting celestial events. These concerns
were supplemented by a significant increase in observational opportu-
nities and precision that challenged long-held beliefs. It took over a
century for the heliocentric theory to be accepted by astronomers and
several decades for elliptical orbits and the role of the Sun in planetary
motion to be accepted. The ancient axioms of uniform circular motion
of the Moon and planets and of the unchanging perfection of the heav-
ens were discarded, replaced by ellipses, earthlike mountains on the
Moon, planetary satellites, and an uncountable number of stars. By the
end of the seventeenth century, a single set of universal mathematical
laws was seen to apply throughout an infinite universe. In subsequent
generations these laws and continual improvements in the power of
telescopes led to increasingly accurate predictions and new discover-
ies. The decisive event for the further progress of astronomy came with
the publication of Newton’s Principia in 1687.
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CHAPTER 3

MATTER, MOTION, AND
THE MATHEMATICAL

SCIENCES

At the heart of the profoundly changing ideas of the natural world dur-
ing the Scientific Revolution were radically new conceptions about the
nature of matter, motion, light, and magnetism and about the roles of
experiment and mathematics in understanding and explaining them.
Aristotle’s ideas on matter and motion, both celestial and terrestrial,
had, in the Middle Ages, captivated natural philosophers, Muslim, Jew-
ish, and Christian, and were modified in various ways to develop them
further and to conform with theological opinions. In the Islamic part
of the world there were a number of contending ideas about the na-
ture of matter, including versions of atomism. In the medieval Chris-
tian West, however, atomism was rejected for its association with what
were perceived as some of its immoral and irreligious aspects, and Aris-
totelian matter-theory remained dominant.

In the development of alchemy Muslims made important contri-
butions to the knowledge and practice of chemical composition and in-
teractions. Alchemy, a word of Arabic origin, encompasses not only the
nature and reactions of material substances but also theology, hidden
forces, and the inner being of its practitioners. The practice of alchemy
during the Scientific Revolution was a continuation of the work of me-
dieval Arabic alchemists. The transformation of base metals into gold
is the best-known goal of alchemy, but it was not accepted by all al-
chemists, nor was it the only aim of the art. Among the achievements
of Arabic medieval alchemists were the development of new instru-
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ments, such as retorts and the still, and such techniques as the pro-
cesses of distillation, calcination, and filtration. Alchemical ideas and
practices were also applied in medicine.

There were efforts during the Middle Ages, both in the Islamic re-
gions and in Western Europe, to develop and improve some of Aris-
totle’s ideas on mechanics. With the invention of the cannon in the
West, trajectories and their causes became an important subject of
physical study. Muslim natural philosophers gave attention to the bal-
ance, weighing, and determination of specific weights. These achieve-
ments during the Middle Ages were the starting-points for the creation
of revolutionary new principles in the physical sciences during the Sci-
entific Revolution.

Aristotle on Matter and Motion

In Aristotle’s thought, all bodies are constituted as a union of mat-
ter and form; unformed matter does not exist as an entity with distinct
properties or qualities, but is only a potential substance until formed.
Some Aristotelian ideas on matter and motion were questioned and
slightly modified during the Middle Ages. Theories of matter were pro-
posed that provided unformed matter with aspects of substantiality,
such as having a material, corpuscular nature. Such theories were use-
ful in attempts to explain the differences between mixtures and the cre-
ation of compounds in which original forms and qualities had been
altered. To answer questions about such transformations, some posited
the existence of naturally minimal particles of matter.

Matter

Most of Aristotle’s fundamental principles, however, were re-
tained. Bodies, their observed qualities and the nature and causes of
their motions, were linked in a unified system, which included a dis-
tinction between terrestrial matter and the matter of the heavens. Each
had unique forms of motion associated with it. Beyond the sphere of
the Moon, matter was perfect, unchanging, and rotated as a series of
spheres with uniform motion. From the Moon to the center of the
Earth, there were four kinds of matter, containing the qualities associ-
ated with earth, water, air, and fire. Bodies on the Earth differed from
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one another according to the ratios of the four elements they possessed.
Substances with a preponderance of earth and water tended to move
naturally toward the center of the Earth; those substantially made up
of air and fire tended to move away from it. Qualities such as density
and dryness were associated with the earthy element, plasticity and
dampness with the watery one, and so on. The universe was completely
filled with matter; empty or vacuous spaces did not exist.

Motion

According to Aristotle, everything that moved was moved by
something either external or internal to it. A cart would not move un-
less pushed or pulled; humans and animals moved as determined by a
“soul,” or internal principle of movement. Heavy bodies fell at speeds
dependent on their weights and proportional to the resistance of the
media through which they moved. In unnatural forms of motion, such
as in hurled bodies or projectiles, Aristotle had proposed, moving ob-
jects continued to move before falling to Earth because as they cleaved
the air before them, air rushed to fill the space behind them, thereby
providing a means to continue their motion. Later followers of Aris-
totle explained such motions differently. They proposed that a power,
called impetus, within a released bowstring, for example, was trans-
mitted to an arrow, which caused it to continue its motion until, its
propelling power exhausted, the arrow resumed its natural tendency to
fall directly to the Earth.

Ancient and Medieval Alternatives to Aristotle

Matter

There were alternative theories of matter in the ancient world.
Chief among them were those known as atomism. Before Aristotle,
Democritus (c. 460–370 b.c.e.) had put forward the idea that the world
is composed of an infinite number of invisible and indivisible homo-
geneous particles of matter. They are constantly in motion in an infi-
nite void, and some came together to form our world as well as others.
The qualities of various substances are determined by the sizes and con-
figurations of the atoms in groups. Democritus’ ideas were further de-
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veloped and expounded by Epicurus (341–270 b.c.e.). The Roman poet
Lucretius (c. 95–55 b.c.e.) described the atomic theory in a poem called
On the Nature of Things. Not much attention was paid to the atomic
theory in the Middle Ages.

Another view of matter in the ancient world, developed shortly
after Aristotle, came from the Stoics. Stoicism held that the funda-
mental substance pervading the entire universe was pneuma, a mixture
of air and fire, within which all motions took place. The Stoics there-
fore rejected Aristotle’s elements and his distinction between motions
in the heavens and on Earth. The various qualities of earthly substances
depend on the concentration of pneuma in them. The concentration of
the pneuma in the planets makes them intelligent entities and is the
source of their motion. Stoicism was clearly opposed to Aristotelian
ideas and was known to Renaissance philosophers, but the revival of
atomism limited the appeal of Stoicism.

Motion

In Aristotle’s thought, motion had broad connotations and was
equivalent to various changes observed in the world around us. The
nature and causes of motion were of great interest in the universities
of the Middle Ages. Aristotle’s theories on the movement of bodies from
one place to another were somewhat modified during the early Middle
Ages and in the universities of the fourteenth century, but without re-
course to experimentation. The motion of projectiles, perceived as an
unnatural form of motion, was explained by the projectile’s impetus, a
cause of its continuing motion, acquired by an arrow, for example,
when it left the bowstring. At the University of Paris different versions
of the impetus theory were applied to theological doctrines, the mo-
tions of the planets, and falling bodies. Some philosophers held that
impetus diminished in the course of motion; others, that it even in-
creased in certain motions, such as in accelerated motion. In all in-
stances, however, it was an internal, rather than an external, cause of
motion.

Philosophers at the University of Oxford explored certain aspects
of kinematics—the study of motion without attempting to determine
causes. They developed the ideas of velocity and instantaneous veloc-
ity and began to explore mathematical relationships governing accel-
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erating bodies and uniformly moving ones. They concluded that a uni-
formly accelerating body during a given time would cover the same
distance as it would if it were moving uniformly at the mean speed of
the accelerating body. Geometrical representations were developed to
demonstrate some of the issues involved, and from them emerged an-
other theorem. It held that in the course of uniform acceleration, the
distance covered in the second half of its duration was three times that
in its first half. Galileo would later study these ideas, which were in-
fluential in the development of his own concepts in mechanics.

Concepts of Matter in the Early Modern Period

The Revival of Atomism

Some of Aristotle’s ideas in several areas had begun to be ques-
tioned in the early seventeenth century, and interest in non-Aristotelian
theories of matter grew as well. Chief among those theories was the
idea of matter as composed of particles. Proposals were put forward
about the nature of these invisible particles to account for the variety
of qualities associated with different substances under diverse condi-
tions. The particles were given characteristics, such as different shapes
and sizes, to explain qualities such as specific gravity, fluidity, and tem-
perature. Particulate theories in the seventeenth century may be gen-
erally characterized as making this distinction between primary and
secondary qualities. Some held that the minute particles themselves
possessed various qualities, depending on their sizes, and that they
combined into aggregates with the characteristics of certain chemical
compounds.

The revival of atomism was given an important impetus by the re-
covery of an account of Epicurean atomism and the poem of Lucretius.
Pierre Gassendi (1592–1655), a French priest, wrote a number of in-
fluential works that were a Christianized version of Epicurean atom-
ism. In his view atoms were not eternal, but were the first things
created; nor was the universe infinite. Atoms move through the void
in all directions, sometimes colliding with one another. They vary in
shape, size, and speed, and occasionally they come together to form
molecules. The molecules combine with one another to form the ob-
jects we perceive. Gassendi’s conception of matter discarded Aris-
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totelian characteristics and dispensed with mysterious and occult forces
in favor of analogies with mechanical operations.

Alchemy

The practice of alchemy was vigorously pursued during the six-
teenth and seventeenth centuries. A good deal had been learned
through the transmission of alchemical texts from Muslim sources and
translated into Latin beginning in the twelfth century. The chief source
of Arabic alchemy was associated with the name, in its Latinized form,
of Geber, an eighth-century Persian. An important assumption of
Geberian alchemy was that every substance had both perceptible qual-
ities and occult, or hidden, properties that were the opposite of the vis-
ible ones. By inverting the hidden qualities, substances could be
transmuted into other ones. In the later Middle Ages some Aristotelian
components were combined with the alchemical traditions of the Is-
lamic world.

A shortage of gold for currency encouraged some European rulers
to engage alchemists to develop alloys for use in coins of standard de-
nominations, the depreciation of which it was hoped would be un-
known to the public. Alchemists, however, were chiefly engaged in the
creation of a substance variously called an “Elixir” or the “Philosopher’s
Stone.” It had the capability of extending life, curing illnesses, purify-
ing one’s soul, and achieving a vast array of desirable ends.

The Church did not look favorably upon these goals, and a num-
ber of popes condemned the practice. That condemnation did not keep
a number of religious orders from pursuing alchemical goals. In the
Early Modern period the role of alchemy and the Philosopher’s Stone
in the promotion of spirituality became even more important. A sub-
stantial literature appeared linking alchemy to biblical passages, in-
cluding the account of the Creation. Some followers of the new natural
philosophy rejected alchemy and its occult forces, but a great many
natural philosophers, including Robert Boyle and Isaac Newton, were
avid practitioners. A variety of experimental procedures were practiced
and widely known. A common belief was that with proper experiments,
metals could be made to “vegetate” or grow.
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Paracelsianism

Theophrastus Philippus Aureolus Bombastus von Hohenheim,
who became known as Paracelsus (c. 1493–1541), was the author of
an influential matter theory based on an alchemy with strong spiritual
and mystical components. In his bombastic style he chastised Aris-
totelians and physicians; yet despite powerful attacks from his oppo-
nents, his views gained a significant number of adherents in the
sixteenth and seventeenth centuries. Paracelsus held that organic phe-
nomena were based on a chemical foundation, the essential compo-
nents of which were the spirits he called Salt, Sulfur, and Mercury.
These spiritual elements were linked to cosmological factors, such as
those embodied in astrology. Paracelsus’ principal concern was the ap-
plication of alchemical principles to the cure of illnesses.

Mechanics

Sixteenth Century

An increased interest in the improvement of military technology
in the sixteenth century led to some important additional modifications
in Aristotelian motion theory. Niccolò Tartaglia (c. 1500–1557), a self-
educated mathematician, made notable contributions to the solution of
cubic equations and certain geometrical problems. He also published
in Italian the first translations in a modern European language of the
highly influential Elements of Euclid (fl. c. 295 b.c.e.) and works by
Archimedes (c. 287–212 b.c.e.). He does not appear to have been fa-
miliar with medieval ideas on impetus or on acceleration and claimed
that the speed of falling bodies increases as they approach their natu-
ral goal.

Tartaglia applied mathematics to the motion of projectiles and was
the first to hold, contrary to the opinion of Aristotle and his medieval
followers, that natural and violent motion could be mixed. He held that
the trajectory of a cannonball was curved throughout its path. He fur-
ther noted that the maximum range attainable by a missile of any
weight, and fired with any explosive charge, occurred when a cannon
was elevated 45° from the horizontal. Tartaglia pointed out that spe-
cific distances shorter than maximum ranges could be correlated with
specific angles of elevation above or below 45°, and relevant tables for
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the use of artillerymen were created. Here is one of several instances
where observation and efforts to provide mathematical solutions to
techniques and practices in various crafts and technologies would lead
to significant changes in several sciences.

Giovanni Battista Benedetti (1530–1590), a mathematician and
successful engineer who had studied briefly with Tartaglia, was also in-
fluenced by technological practices, his own and those of others. His
approach to the problem of the cause of falling bodies was based on
the theory of impetus, which, he held, increased in the course of fall.
Benedetti was encouraged by a friend to treat falling bodies mathe-
matically, and he responded by utilizing ideas from the recently pub-
lished works of Archimedes on specific gravities. Benedetti held, in
contradiction to Aristotle, that bodies of the same substance would fall
through a given medium at the same speeds, regardless of their weights.
The speed of falling bodies would vary, depending on their specific
gravities—the proportion of their weights to a given volume. Benedetti
implied that his hypothesis would apply precisely only in a vacuum,
where all resistance was absent. He also suggested that if two bodies of
equal size and joined by a string would fall at a speed equal to that of
a body equal in size to the joined pair, it should be clear that the larger
body and one-half its size should fall at the same rate. Benedetti’s the-
ories became widely known in the latter part of the sixteenth century,
and in the 1580s in the Netherlands Simon Stevin (1548–1620)
dropped balls of the same size but different weights from a height and
found that they fell at the same speed.

Galileo on Mechanics

Galileo was familiar with medieval ideas on motion and the con-
cept of impetus, as well as the objections and alternatives to Aris-
totelianism proposed during the sixteenth century. He early noted the
isochronism of the pendulum, that no matter the length of the pendu-
lum’s arc, the times taken in successive oscillations were the same. This
movement was analogous to that of the tones of plucked strings, which
remained the same for some moments afterward, despite the decline in
the volume of sound and the width of a string’s vibration. Galileo had
very likely aided his father, a noted musical theoretician, in musical ex-
periments of that sort. As a natural philosopher, Galileo was concerned
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with the properties of naturally oscillating systems and was aware of
the growing importance of mathematically oriented craftsmanship in
northern Italy.

Initially Galileo rejected the Aristotelian doctrine that bodies fall
at speeds proportional to their weights, but he held that they all fall at
a uniform speed. He then turned to the idea that bodies fall at speeds
proportional to their specific gravities. Testing that notion experimen-
tally by simultaneously dropping objects with greatly differing specific
gravities, he found that they landed at the same time. He explained this
result by a version of impetus theory in which the degree of impetus
gained depended on how high an object had been raised from the sur-
face of the Earth, its impetus draining as it fell. A number of experi-
ments led him to conclude that bodies do not fall with uniform motion.

He then turned to the concept that a falling body accelerates, al-
though it never exceeds a certain limit, nor could its motion ever be
reduced to a rule. It was only when Galileo began to experiment with
falling bodies that he was able to determine that all falling bodies ac-
celerate uniformly. He did this by rolling balls down the polished chan-
nel of an inclined length of wood, and using a water clock, he measured
the times taken to reach given distances. The times the balls were re-
leased and then ceased rolling to the given distances were determined
by releasing water in an elevated container through a tube into a re-
ceptacle, then comparing the weights of the water released at different
times. He thereby determined that acceleration is a function of the
square of the time during which the balls were falling. Or, as he put it,
the distance fallen in equal time intervals is as the odd numbers be-
ginning with one. So in the first period of time, the ball fell a given
distance; in the second, equal period of time, it fell three times the pre-
vious distance; in the third, it fell five time that in the first instance.
Therefore, the total distance fallen is proportional to the square of the
time during which it fell. These proportions held regardless of the
weight of the falling body.

With respect to projectiles, Galileo concluded, as had Tartaglia be-
fore him, that their paths were curved, and that the curves in their tra-
jectories while rising were identical to the curves during their fall back
to Earth. He also experimented with inclined planes, giving balls a tan-
gential impulse as they rolled downward, and noted that they followed
parabolic paths. With respect to bodies dropped from horizontally
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moving objects, Galileo found that in falling to Earth, they moved in
arcs whose shapes depended on their initial velocities. Galileo’s con-
cept of compound motion challenged the Aristotelian distinction be-
tween natural and forced motions, as did Galileo’s thinking on the
nature of uniform motions.

When he began his experiments with inclined planes, Galileo be-
lieved that it was its impetus that caused a ball to roll downward, and
to roll up the plane when given an upward impulse. He reasoned, how-
ever, that if after rolling downward to the bottom of the plane it would
no longer have impetus, and if there were no impediments or friction
impeding its motion, it should continue rolling uniformly about the
surface of the Earth. Galileo thereupon abandoned the notion of im-
petus and also the Aristotelian conception that everything that moves
must have a mover.

Cartesian Matter and Motion

The Cartesian Universe

In the middle years of the seventeenth century, René Descartes’
ideas were most influential in the promotion of the mechanical phi-
losophy. He attempted to explain all phenomena in mechanical terms,
except for the immortal and immaterial nature of the human soul. As
with Aristotle, Descartes’ concepts of matter and motion were closely
linked. Descartes shared some ideas with other natural philosophers on
the nature of matter, but differed decisively with atomists on several is-
sues. He thought the extent of the universe was indefinite, and that it
was completely filled with matter that was always in motion, as it had
been since the Creation. When motion was imparted to the universe,
its matter broke up into tiny swirling particles that eventually coalesced
into a series of vortices, or whirlpools, one of which is our solar sys-
tem, carrying planets about their suns.

There are three kinds of matter, according to Descartes, and in the
absence of void spaces, the motion of any particle results in the im-
mediate movement of other particles into the space that had been va-
cated. All the solid and liquid bodies of the planets, and most of the
air, are constituted of one type of matter, or element. Another, spheri-
cal in form, is interspersed between the particles of the solids, liquids,
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and air and fills the space between suns and their planets. The third
element, which Descartes called the first element, fills the spaces be-
tween the microspheres of the second element and constitutes the mat-
ter of the stars, including our Sun.

Motion

Descartes believed that God had created laws governing various
types of motion, and that it was a function of natural philosophy to
discover them. Unlike Galileo, Descartes thought that the search for
the causes of motion was important. All moving bodies, he held, had
a quantity of “force of motion” and a direction of that force. In colli-
sions between particles, those two factors are altered in conformity with
the laws of collision. According to Descartes, a body is moved either
when moved by another or, if in motion, continues to move uniformly
in a straight line unless encountering something that makes it change
its path or speed. He thought of falling bodies as resulting from a force
pushing them downward. The concept of attraction and of forces act-
ing over a distance were completely rejected.

Optics

Kepler on Optics

Johannes Kepler’s work on optics was undertaken because he saw
it, along with mathematics, as an essential component of the practice
of astronomy. He wrote extensively on optics and was familiar with the
optical ideas of medieval natural philosophers in Islam and the West,
among them Witelo, a thirteenth-century scholar. Kepler’s first book on
optics was published in 1604 and entitled Ad Vitellionem paralipomena,
quibus astronomiae pars optica traditur (Supplements to Witelo, in
Which the Optical Part of Astronomy Is Treated). One of the subjects
Kepler dealt with had been a puzzle for his predecessors. Why did sun-
light passing through pinholes of any shape—triangles, for example—
nevertheless cast circular images? Kepler’s answer was that a
multiplicity of triangular images passed from the pinhole and were su-
perimposed on the surface receiving the light, resulting in a circular
image with a blurred, slightly shadowed circumference. This theory ex-
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plained why observations of the Moon’s diameter during solar eclipses
differed from those taken just before or after an eclipse.

Kepler’s explanation was quickly accepted, as was his description
of the formation of images in the eye. He held that light was refracted
through the lens of the eye, and passed, inverted, to the retina, from
which it was perceived reinverted. With respect to the nature and trans-
mission of light, Kepler held that it was incorporeal and transmitted
rectilinearly in all directions like the surface of a sphere. Light inten-
sity, therefore, diminishes according to the inverse-square of the dis-
tance from the light source, a concept derived from a medieval Arabic
source.

The Telescope

After Galileo heard of the invention of a telescope, he immedi-
ately created his own in 1609. It was very influential not only for as-
tronomy, but also for optics and the craft of lens-grinding. After several
improvements, Galileo’s telescopes were capable of magnifications of
15–20 diameters. They had concave eyepieces and convex objectives,
and they provided a narrow field of view of about one-quarter of a de-
gree of arc. Kepler, from his work on optics, realized that Galileo’s tel-
escope could be improved for astronomical purposes. In 1611 he
published Dioptrice, a term coined by Kepler for investigations of light
refracted through lenses. Kepler proposed convex lenses for both eye-
piece and objective of a telescope, which yielded an inverted image,
but one that was brighter and provided a larger field of view than was
seen with a Galilean telescope. Further, it allowed the insertion in the
tube of a micrometer, which could precisely determine much smaller
celestial angles than could be estimated using a Galilean telescope.

Attempts to create telescopes with successively greater magnify-
ing power ran into problems of image distortion from chromatic and
spherical aberrations. Solutions that were tried included the use of
lenses with longer focal lengths, leading to the construction of tele-
scopes of successively greater lengths, mounted without the use of
tubes. Improvements using this method were minimal. Some small im-
provements were provided by more effective techniques for lens-
grinding and mathematical determinations of the best curves for lenses.
Isaac Newton proposed in the 1670s the use of parabolic reflectors as
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objectives for telescopes to minimize the effects of aberration, and he
was the first to construct one, but reflecting telescopes were not to at-
tain effective usefulness for half a century.

The Transmission of Light

A mathematical law governing refraction had been sought for some
time, and estimates had long been made of the alteration in the angles
of a refracted ray of light. Such a law was independently discovered by
several natural philosophers, including Descartes, early in the seven-
teenth century, but it was only published by him in 1637. From careful
measurements of the initial and refracted angles of a light ray passing
from one transparent medium through another, it was determined that

i

r d

sin r

sin i

3.1 The sines of the angle of incidence, i, is proportional to the
sine of the angle of refraction, r.
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the sine of the angle of incidence divided by the sine of the angle of re-
fraction is equal to a constant unique for the particular media.

Opinions on the nature of light and the means of its transmission
differed. Descartes advanced a mechanistic theory that had some as-
pects expressed in one work contradicted by those in another. He held
that light is a tendency toward instantaneous motion, transmitted by
the particles of the matter it passed through. Yet in the examples he
cited, the velocity of light depended on the medium through which it
traveled—more rapidly through a denser medium than a rarified one.
The observations of Ole Römer (1644–1701) in 1676 of the eclipse by
Jupiter of one of its moons showed that it was observed some minutes
after it should have been, confirming that the speed of light was finite.

A new aspect of the nature of light was discovered—its diffraction,
a term coined by Francesco Maria Grimaldi (1618–1663), after he no-
ticed that light moving past the edges of opaque bodies seemed to split
into bands of light and color on both sides of the edges, leaving a
slightly wider shadow than demanded by a strict linearity. His de-
scriptions were published two years after his death, and in the second
half of the century a significant amount of attention was paid to dif-
fraction and the creation of colors by refraction through prisms and in
thin films of certain liquids. Descartes had advanced the mechanistic
theory that light, when refracted, causes the particles transmitting it to
rotate, resulting in the perception of color. This theory was unsatisfac-
tory for Robert Hooke (1635–1703), since the drops of water in a rain-
bow produce colors although the light passing through them is
rerefracted to its original direction. Hooke produced instead a theory
of colors based on the idea that red and blue are primary colors, and
that white light changes into colored ones as it interacts with pulses
generated in the refracting medium when passing through it.

These ideas were powerfully challenged by the brilliant experi-
ments of Isaac Newton, first published in 1672. In passing a ray of sun-
light from a small round aperture into a darkened room through a
prism positioned to maximize refraction, Newton noted that when pro-
jected onto a white screen, the light ray formed an elongated spectrum
of colors, instead of a circular one. He designated their sequence as red,
orange, yellow, green, blue, indigo, violet, pointing out that each was
refracted at an angle unique to it. His conclusion was that white light,
rather than being transformed into colored light, is composed of light
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of various colors. It was confirmed by passing the rays of the spectrum
through a convex lens, through which they were brought to a focus,
resulting in a white ray once again. His conclusion was further sup-
ported by his passing individual colored rays through a prism, noting
that their colors remained after refraction.

In the 1670s Christiaan Huygens proposed a theory of light in
which the particles from a light source, moving through a medium
composed of imperceptible particles, produce a series of waves upon
impact. Each collision thereupon produces a new wave with a spheri-
cal pulse. Huygens called the collective pulses the “principal wave,”
which we now call a “wave front,” thereby producing visible light. The
wave theory was not readily accepted; the rectilinearity of light rays in
a wave theory would not be satisfactorily explained until a much later
date, when it would be shown to be very useful in explaining a vari-
ety of physical phenomena.

Magnetism and Electricity

The work of William Gilbert (1544–1603) on magnetism was
based on the observations of the compass in voyages during the latter
part of the sixteenth century. Gilbert made a series of laboratory ex-
periments with iron magnets, lodestones, and compass needles. His ex-
periments and conclusions were described in De magnete, magneticisque
corporibus, et de magno magnete tellure (On the Magnet, and Magnetic
Bodies, and the Great Magnet the Earth), published in 1600 and ac-

3.2 Newton’s experiment on refraction of white sunlight through a prism.
From its publication in 1672 in the Philosophical Transactions of the Royal
Society.
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cepted by his contemporaries as having established a new science.
Gilbert’s experiments with spherical lodestones, which he called
terrellae (little earths), led him to conclude that the Earth was a mag-
net, and magnetism was an animate, immaterial force responsible for
the rotation of the Earth and the cause of the tides. The variation of
compass needles from true north and the changes in the inclination of
vertically mounted needles in different parts of the world, he explained,
were caused by local departures from true sphericity. The association
of Gilbert’s idea of magnetic terrestrial rotation with Copernicanism
made it attractive to Kepler as a cause of planetary motion, but it was
erroneous in the eyes of the Catholic Church.

Gilbert used the term electricitas to describe the long-known at-
tractive power of amber. He recognized that other substances exhibited
similar attractions when rubbed. Unlike magnetic bodies, electrical
ones did not have polarity and could not be made to exhibit repulsive
effects. For Gilbert, electrical attraction was a local and material phe-
nomenon rather than a cosmic and immaterial one. It was caused by
the emission of a certain imperceptible electrical vapor.

Descartes rejected Gilbert’s notion of magnetism as an immaterial
force. Magnetic effects were explained mechanically by the existence of
minuscule channels of two types in magnetic bodies, one with right-
handed threads, the other with left-handed ones. Particles were emit-
ted from opposite ends of a magnet, creating vortices around it, and
returned to the opposite poles. When they encountered an iron body,
they twisted screwlike into its channels, pulling it toward the magnet.
For Descartes and other mechanical philosophers magnetism required
explanation by material means.

Experiments with the Vacuum

The “Torricelli tube”

Miners had long been familiar with the inability of water to be
pumped more than about thirty-two feet high. Galileo, approached
about this problem and familiar with the Peripatetic notion that nature
abhors a vacuum, but ignoring it, replied that the weight of the water
in a tube of such a height was a measure of nature’s resistance to the
creation of a vacuum. The problem took on a new form with the ex-
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periments of Michelangelo Ricci (1619–1682) in the 1640s. He noted
that water completely filling a building’s downspout that was sealed at
the top and bottom, its bottom immersed in a barrel of water, fell to
about thirty-two feet when its bottom was opened. Evangelista Torri-
celli (1608–1647) surmised that the atmosphere has weight, and its
weight, pressing on the water on the surface of the barrel, was equal
to the weight of the water in the tube. He suggested that mercury, which
weighs sixteen times more than water for a given volume, be used in
a glass tube sealed at the top with a valve at the bottom, placed in a
dish of mercury, would behave in a similar manner. It did, falling to a
height of approximately twenty-four inches.

This phenomenon led to a sustained debate over what was in the
space between the surface of the mercury and the top of the tube. Aris-
totelians held that it was filled with matter, Cartesians that it was filled
with a “subtle matter,” and atomists that it was a vacuum. Blaise Pascal
(1623–1662) showed that the level of mercury in the tube remained at
the same height under the same circumstances regardless of the shape
or height of the tube. He also had the device inserted inside the space
above the mercury in a larger tube and noted that lowering the level of
mercury in the outer tube lowered it in the inserted one as well. Pascal
also had such a mercury-filled tube carried up a mountain, with the
height of the mercury measured at different elevations. This appeared to
show that the weight of the air, presumably less at higher elevations, did
correspond to the weight of the mercury. The tube and its later me-
chanical versions subsequently became an important instrument in me-
teorology, the barometer.

Air-pumps were invented in the mid-seventeenth century to evac-
uate air from sealed vessels, and a number of experiments were per-
formed that demonstrated that air has pressure as well as weight. Otto
von Guericke (1602–1686) created the first air pump. In experiments
conducted in 1657 and 1663, he demonstrated that two metal hemi-
spheres, evacuated of air and with their circumferences resting against
each other, could not be pulled apart by two teams of horses straining
to do so in opposite directions.

Air pumps became tools for scientific investigation. Robert Hooke
built one for Robert Boyle with a glass chamber to observe experiments
conducted in it during and after the evacuation of air. The inverse ratio
of volume to pressure at a given temperature was independently dis-



3.3 Otto von Guericke’s air pump. From his Experimenta nova (ut vocantur) Magdeburgica de vacuo
spatio (1672).
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3.4 Robert Boyle’s air pump. From his New Experiments Physico-
Mechanical, 2nd ed. (1662).
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covered by Edmé Mariotte (c. 1620–1684) in France and Richard
Towneley (1629–1707) in England, but it became known as Boyle’s
Law. Belief in the existence of vacuums was becoming more acceptable.

Mathematics

By the mid-sixteenth century Western scholars had absorbed the
mathematical achievements of the Greeks and Muslims, and Latin
translations of their most important works had been published. A pro-
cess of unification of what had been separate branches of mathematics
combined with mechanics continued throughout the Scientific Revo-
lution. Algebra and geometry were reconstituted on new foundations.
Problems connected with navigation and insurance stimulated devel-
opments in spherical trigonometry and probability. The motions of
bodies with varying velocities, moving in straight lines or curvilinearly,
led to the creation of the calculus.

Algebra

Algebra is a term of Arabic origin that reflects the development
and substantial progress of this branch of mathematics. Our modern
symbols for numerals were introduced to the West from the Arabic
world, displacing the letters used as numbers by the Greeks and Ro-
mans. Equations at first were written with words, not symbols, for their
unknown quantities and their powers and were sometimes solved by
geometrical means. The use of symbols and numerical solutions for al-
gebraic problems were introduced in the sixteenth century, most effec-
tively by François Viète (1549–1603). The transposition of the terms
of quadratic equations so as to equal zero, as well as clarifying the na-
ture of the roots of polynomials, was advanced in the early seventeenth
century by Thomas Harriot (c. 1560–1621). The binomial theory was
developed independently by both Nicholas Mercator (c. 1619–1687)
and Isaac Newton.

Analytic Geometry

René Descartes and Pierre de Fermat (1601–1665) took impor-
tant steps in the creation of analytic geometry. Fermat saw that plane
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curves could be correlated with equations with two unknowns.
Descartes promoted the use of geometric coordinate systems to solve
problems on the relationships within complex curves, notably conic
sections. Solutions to algebraic problems by the use of coordinate sys-
tems were actively developed in the middle years of the seventeenth
century.

Calculus

Problems associated with tangents to curves and finding areas
within curved boundaries and volumes within curved spaces were ac-
tively studied during the same period. Bonaventura Cavalieri
(1598–1657) suggested that lines, areas, and volumes could be thought
of as composed of an infinite number of indivisible geometrical com-
ponents. While condemned by some, the idea was taken up and de-
veloped by others. Isaac Newton, in dealing with problems in
mechanics, thought that the relation of changing rates of time to dis-
tance in motions more complex than in falling bodies could be solved
by the use of indivisible time intervals. At about the same time Gott-
fried Wilhelm Leibniz took a different approach, utilizing sums and
differences of geometric infinitesimals. The independent achievements
of Newton and Leibniz on problems in the instantaneous rates of
change in variables, involving integration and differentiation, gave birth
to a new branch of mathematics.

Isaac Newton on Mechanics and Matter

Initial Work on Mechanics

Newton’s early work on the motion of bodies under different cir-
cumstances resulted in important conclusions. Some became part of his
later work; others were modified or radically altered. He began as a
Cartesian, but he departed substantially from Descartes in the creation
of his own mature system of mechanics. In the 1660s Newton addressed
the problem of colliding bodies and concluded that their common cen-
ter of mass remains at rest, or moves in a straight line with uniform
motion. He also studied circular motion and noted the relationship be-
tween what he then thought of as centrifugal force and the velocity of
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the revolving body. Applying that discovery to the motion of the Moon
and using Kepler’s Third Law, relating the proportion between the times
for completion of a planetary orbit to its distance from the Sun, New-
ton concluded that the Sun’s gravitational attraction was nearly equiv-
alent to the inverse-square of its distance from another body.

Newton’s Developing Celestial Dynamics

Newton paid little further attention to mechanics until 1679,
when, in response to a question from Robert Hooke, he turned his at-
tention again to circular motion and what he now began to think of,
as he termed it, centripetal force, a force toward the center of the mo-
tion. He now proved mathematically to himself that the tendency of a
planet toward the focus of an elliptical orbit exactly varies inversely as
the square of the distance between them. Five years later, in response
to a reconsideration of the problem urged on him by Edmond Halley
(c. 1656–1743), Newton, in two and a half years of intensive work, un-
dertook a reformulation of celestial dynamics. The result was the cre-
ation of his laws of motion and gravitation, demonstrated in one of the
most influential work ever published in the history of science.

The Principia

Newton’s Philosophiae naturalis principia mathematica (Mathemat-
ical Principles of Natural Philosophy) was published in 1687. It im-
mediately resulted in the recognition of Newton as the leading scientist
of his age. Although the principle of universal gravitation was rejected
by strict proponents of the mechanical philososphy of Descartes, its
power to solve various problems in celestial and terrestrial mechanics
was rapidly seen. The achievements of Kepler and Galileo were able to
be derived from Newton’s three laws of motion and universal gravita-
tion. The Principia, slightly revised, was republished twice in Newton’s
lifetime.

Newton subdivided his work into three Books. Book I dealt with
the motions of bodies, principally in the heavens, on the assumption
of an absence of resistance. Since all bodies attract all others, Newton
dealt with the complexities involved in the mutual attractions of two



and three bodies, such as those affecting the motion of the Moon and
the tides. Book II applied mechanical principles for the first time to the
solution of problems of motion in resisting media and definitively
demonstrated that the Cartesian vortices assumed to be moving the
planets could not account for Kepler’s laws. Book III addressed detailed
problems in the motions of celestial bodies. It proved that those mo-
tions result from a tendency for them to fly off from each point of their
orbital paths with an inertial motion, counteracted by an inverse-square
attraction proportional to the distance from the central body, resulting
in closed orbits. Book III also provided mathematical demonstrations
of the nature of the tides, comets, and other phenomena observed in
the heavens.

Hypotheses on Matter

Newton hypothesized in one work that all bodies are pervaded by
a medium more subtle than air, composed of particles with a tendency
to expand. They fill the the universe, are mutually repulsive, and are
the medium, an “aether,” through which light and heat are transmit-
ted. He also suggested that this medium is less dense in heavenly bod-
ies, and that pressure from the space around those bodies may be the
cause of gravitation. Magnetic and electric phenomena might occur
through the emission of subtle effluvia composed of particles. Newton
admitted that he did not know much about these hypothetical particles.
In a revision of the work in which these hypotheses had been ex-
pressed, he voiced his favorable opinion on atoms and vacuums, rather
than in the existence of fluid media.

Newton spent more time on alchemy than on mechanics, read
very widely on the subject, and conducted a great many experiments
in his own laboratory. He does not seem to have been interested in the
transformation of other substances into gold, and it is not clear what
he sought in his pursuit of alchemy. He was in the company of many
natural philosophers in seeking to learn how various substances can
be converted into other ones. Above all, they sought the existence of
the Philosopher’s Stone and its role in their spiritual purification and
that of the world. Newton seemed to be seeking a component of his
universe not found in a strictly mechanical concept of nature.
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Summary

Aristotelian concepts of matter and explanations of physical phe-
nomena in the mathematical sciences, such as mechanics and optics,
were decisively transformed during the Scientific Revolution. Matter
was assigned properties distinct from those exhibited in its various
forms. There was sound experimental evidence for the existence of vac-
uums. New aspects of the behavior of light were discovered, as well as
formerly unknown mathematical relationships in the science of optics.
The distinction between natural and unnatural motion was no longer
relevant, nor was the presence of a mover necessary for motion with
the development of the concept of inertia. Bodies were shown to fall
with uniform acceleration according to a mathematical law. Newton’s
laws of motion and universal gravitation were the culmination of the
continuing and growing efforts to learn about physical phenomena
through the use of mathematics and experimentation.
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The study of the various life forms and the processes taking place
within them had been part of natural philosophy in Antiquity. As with
other aspects in the study of the natural world, Aristotelian concepts
and approaches were dominant. New components, however, were
added from things learned in the practice of medicine in the ancient
world and in the Early Modern period, from the discovery of new plants
and animals in the sixteenth and seventeenth centuries and, above all,
by the application of detailed observation and experimentation char-
acteristic of the new approaches to the study of nature during the Sci-
entific Revolution.

Traditional Concepts

Forms of Life and Their Modes of Operation

The division of living things into three kingdoms—vegetable, ani-
mal, and human—began in the ancient world. Each was governed by
a “soul” unique to its type. Plant forms had what Aristotle had called
a vegetative soul, a source of a plant’s ability to absorb nourishment,
to grow and to reproduce itself. Animal souls had vegetative functions,
but had in addition functions associated with mobility. Humans had
both vegetative and mobility functions, but they also possessed the abil-
ity to think.

The taxonomy, or classification, of plants and animals had a hi-
erarchical form. In descending order, botanical species began with dis-
tinctions between trees, shrubs, and grasses. Animal species were

CHAPTER 4
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divided into two large categories, those with blood and the bloodless.
Each was further subdivided. The blooded group included quadrupeds
that gave birth to live offspring, egg-laying quadrupeds, birds, and fish.
These also were subdivided according to skeletal structure or other dis-
tinguishing features or characteristics of behavior.

There were variations of this system in the medieval West, but the
hierarchical character of taxonomy persisted, associated with increased
perfection and moral value as one moved up the scale. In the medieval
Christian world there was a conception that all living entities, and spir-
itual ones as well, such as angels and archangels, were part of a scala
naturae, or ladder of nature, ascending from the lowest worms up to
the right hand of God.

Human Organs and Their Functions

Greek and Roman Antiquity saw a considerable growth of knowl-
edge about human anatomy and physiology. The leading authority in
the ancient world on these subjects was Galen. He published volumi-
nously, and his descriptions of the human organs and their functions
were adopted in medieval Islam with slight modifications, then trans-
mitted to Western Europe. Galen’s works, along with Arabic commen-
taries on them, were translated into Latin, and their ideas became part
of the curriculum in the medical schools of European universities.

The dissection of human cadavers for the study of anatomy had
been practiced several centuries before Galen. Dissection may have
been frowned upon in Galen’s time, for it appears he never dissected a
human corpse. He did, however, dissect animals and even experi-
mented on living ones. Human dissection was subsequently forbidden
by the monotheistic religions. In Western Europe in the later Middle
Ages, however, dissection began to be carried out in the case of homi-
cides where the cause of death was not apparent. By the fourteenth cen-
tury, dissection had become a standard part of medical education as a
means of demonstrating features of Galenic anatomy.

The Galenic system emphasized three significant organ systems
associated with the heart, liver, and brain. Each functioned in a par-
ticular way to help carry out the vegetative, mobile, and reasoning op-
erations of the body. Among the bodily functions performed by these
organs and others were the maintenance of bodily heat, movement, ges-
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tation, development and growth, sensation, and volition. The heart is
the source of innate heat, which it distributes together with “vital spir-
its” to all parts of the body. The movement of the blood in the heart,
veins, and arteries is as follows: the contraction of the heart—systole—
carries blood to the lungs, where the blood is cooled for the proper
maintenance of the body’s heat. The blood flows and ebbs in the ar-
teries and veins, each of which have different functions. The chyle, the
nutritive material in what has been eaten or imbibed, is brought from
the stomach and intestines by the veins to the liver, where it is trans-
formed into blood. The brain converts the “vital spirits” brought to it
by the blood into a means for carrying out mental faculties, sensation,
and movement through the nerves.

Medicine during the Renaissance

Medical Education

From Antiquity until modern times in Western Europe most ill-
nesses and medical problems were treated, not by doctors, but by fam-
ily members, friends, neighbors, or local healers familiar with
traditional treatments that had been passed from generation to gener-
ation. Physicians had been trained in schools in the ancient world and
in medieval Islam, but not in the West until the establishment of uni-
versities in the twelfth and thirteenth centuries. By the thirteenth cen-
tury medicine had become a distinct profession, with regulations
governing the qualifications of its members and admission to it. In
medical schools in the universities of Western Europe, ancient tradi-
tional and modified Islamic practices were the dominant forms of in-
struction. By the fifteenth century the attainment of a Bachelor of Arts
degree was required for admission to medical school. Three or four
years studying medicine awarded a student a Bachelor of Medicine de-
gree and enabled him to become a practicing physician. The degree
Doctor of Medicine required additional work at a medical school.

The teaching of anatomy was done by the professor, seated high
above a cadaver, reading from Galen or another authority while the dis-
section was carried out, usually by a barber, to illustrate the Galenic
descriptions. Those performing the dissections were usually trained by
having been apprenticed to one experienced in dissection. An assistant



4.1 Medical students observing a professor carrying out a dissection. From
Barthélemy Cabrol, Ontleeding des menscelycken lichaems (1663).
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to the professor pointed to the parts of the body being described. A
student was fortunate to have seen one such demonstration in the
course of his stay in medical school. This would change with the ap-
pointment of Andreas Vesalius (1514–1564) as a professor of surgery
at the University of Padua in 1537. He came down from the professo-
rial chair to perform his own dissections and showed the parts of the
cadaver to the students. Vesalius’ practice was then followed in other
medical schools.

Another important innovation in medical teaching took place in
the sixteenth century. Upon attaining a medical degree, the former stu-
dent was required to go through a period of clinical training at a hos-
pital or to serve as an assistant to a physician. An important advance
in this practice took place with the adoption of clinical teaching at a
patient’s bedside, where a case history was taken by a student, symp-
toms noted, and notes provided to the professor, who then commented
on the case.

The appropriate use of medicines also became part of the medical
curriculum during the Renaissance. Padua also led in the establishment
of courses in what was called materia medica, drugs to be used for the
cure of illnesses or amelioration of their symptoms. Most such med-
ications were of plant origin, with a few derived from animals and min-
erals. Some had been passed down from ancient times; others began to
be used during the Middle Ages. Students gathered their own speci-
mens from areas near their university. Beginning in the 1540s, univer-
sities created their own gardens for growing medicinal plants and the
instruction of students in recognizing them and learning their uses.

The Reform of Anatomy and Its Practice

About the beginning of the sixteenth century a few medical pro-
fessors began to do their own dissections and, although followers of
Galen, trusted their own findings when they differed from Galen. They
also saw their work as necessary for the promotion of surgery, long neg-
lected by physicians, as a part of medical practice. The most notable
achievement in these efforts was made by Vesalius with the publication
in 1543 of his De humani corporis fabrica (On the Structure of the
Human Body).
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Vesalius had dissected many cadavers and noted a considerable
number of errors in Galen’s anatomical work. Among them was Galen’s
description of the human jawbone as consisting of two parts; Vesalius
had always found the jawbone to be a single bone. He also questioned
Galen’s account of the septum, separating the right and left parts of the
heart, as having invisible pores through which blood passed from the
right ventricle to the left. Vesalius said that he had found no such pores.
He also found no evidence of the existence of a “miraculous network”
that Galen held to be below the brain. These and other discoveries called
into question some of Galen’s physiological explanations, but it would
be some time before Galenic physiology was effectively challenged.

Vesalius’ findings were incorporated in his de fabrica, a 650-page
work, which was beautifully illustrated and superbly detailed to a de-
gree never before attained by any other anatomical work. The illustra-
tions, closely supervised by Vesalius, were made by artists from the
studio of the noted artist Titian. Each illustration was accompanied by
detailed anatomical accounts. De fabrica was enormously popular from
the time of its publication, but its expense encouraged Vesalius imme-
diately to prepare a shortened version, an Epitome of his de fabrica for
the use of medical students and novices.

Vesalius’ de fabrica resulted not only in the revision of anatomi-
cal textbooks, but in changes in the practice of dissection as well. Dis-
sections for the instruction of medical students had been performed for
two centuries by beginning with the inside and proceeding outward.
First, the abdominal and thoracic cavities were opened and their or-
gans displayed. The dissection then proceeded to the head and limbs.
Vesalius’ approach began with the structure of the body, its skeleton,
and then moved on to the muscles. Successive plates showed the outer
muscles peeled back to reveal the muscles beneath them. Next came
depictions of the blood vessels, and after them, the details of the vari-
ous internal organs. Vesalius emphasized that the progress of anatomy
depended on further and continuing research that might even contra-
dict his own findings, as proved to be the case. A second edition of
Vesalius’ de fabrica, in 1555, contained many corrections and revisions
of the first edition. Because individuals differed with respect to the size,
shape, and to some degree in the positioning of their anatomical parts,
Vesalius cautioned that many bodies must be examined before
anatomists could generalize about human structures.
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Further Anatomical Discoveries

The new attitude in anatomy about seeing for oneself led to ad-
ditional discoveries by Vesalius’ successors at the University of Padua.
The fallopian tubes, through which ova pass from the ovaries to the
uterus in the female reproductive system, were discovered by Gabriele
Falloppio (1523–1562). Bartolomeo Eustachio (c. 1510–1574) im-
proved Vesalian anatomy and discovered the pasage from ear to throat
that bears his name. Girolamo Fabrici (c. 1533–1619) discovered that

4.2 The first of the plates in de fabrica on
human muscles.
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the veins have valves. During the sixteenth century detailed investiga-
tions in comparative anatomy were undertaken, and much was learned
about similarities and differences in the anatomical structures of hu-
mans and a variety of animals. Studies of human and animal embryos
and the stages of their development were also pursued.

The Nature of Medical Practice

The principal theory of the nature and causes of diseases was
based on the humoral theory. It arose about 400 b.c.e. in ancient Greece
and was derived from the notion that everything on the Earth is com-
posed of four elements, earth, water, fire, and air. Each has particular
qualities associated with it: earth, cold; water, moisture; air, dryness;
and fire, heat. The balance among the four humors—blood, yellow bile,
black bile, and phlegm—in our bodies determined the status of our
health; an imbalance was the cause of illness.

This long-held concept was incorporated by Galen, in the second
century, into a comprehensive medical theory. He held that food and
drink are converted in the body into the humors. Each humor is asso-
ciated with two qualities: blood is hot and wet, yellow bile hot and dry,
black bile cold and dry, and phlegm cold and wet. Their proportions
in the body are determined by a number of things, including one’s oc-
cupation, the astrological sign of one’s birth, the season of the year,
among other factors. An individual’s personality was also associated
with the dominance of a certain humor: blood was dominant in confi-
dent people, black bile in melancholy ones. Diagnosis yielded the nec-
essary remedies, which might include a better diet, blood-letting using
leeches, and drugs of various sorts, including one to cause vomiting.

These remedies were of little help in combating new diseases that
appeared during the Renaissance. The contact of Europeans with the
New World brought new venereal diseases and fatal epidemics to Eu-
rope. Sexually transmitted life-threatening diseases had been unknown
in Europe before this. Infection, contagion, and epidemics were
thought to be caused by “corruption” of the air, resulting in a corrup-
tion of the body. A theory of how diseases were spread was put forward
in 1546 by Girolamo Fracastoro (c. 1478–1553), which held that dis-
eased persons emitted invisible particles that then passed to others or
to their clothing or utensils. The rise of particulate matter theories in
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the seventeenth century lent support to this view, and observations
with the microscope brought forward the notion that invisible insects
might also be a cause of contagion.

Pharmacology

Medical practice was also changed by a new theory of disease and
the use of new medications. Paracelsus and his followers were instru-
mental in challenging, and eventually overthrowing, the humoral the-
ory. Paracelsus completely denied the existence of the humors and that
there were four elements, insisting that there were three: salt, sulphur,
and mercury. Illness was caused by chemical imbalances and could be
treated and cured by drugs, including some composed with heavy doses
of minerals. The association of chemistry with medicine was reflected
in the introduction of courses in chemistry in medical schools and the
growing recognition of the importance of experimentation in the cre-
ation of new medications.

Professional pharmacists first began to dispense drugs in the thir-
teenth century. By the sixteenth century they were licensed by many
municipalities, and pharmacy underwent some important changes.
New medications, including those proposed by Paracelsians, came into
use. Plants discovered in the New World and in Asia began to be used
for new medications. Pharmacopoeias, books listing standard pharma-
ceutical recipes and the ways to make them, began to be published.

Surgery

Surgery was another medical practice that changed during the
Early Modern period. It had been carried on in most of Europe during
the Middle Ages and the Renaissance by craftspeople, most of whom
were illiterate. In some parts of Europe, notably Italy, some physicians
also practiced surgery, and medical schools offered courses in it. The
best anatomists of the sixteenth century, from Vesalius onward, all prac-
ticed surgery. Some of them wrote manuals on the subject, incorporat-
ing their own discoveries and improvements. Surgeons dealt with the
body’s surface, setting fractures; treating burns, diseases of the skin,
and gunshot wounds; and performing amputations. One of the most
skillful and important surgeons of the sixteenth century was Ambroise
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Paré (c. 1510–1590). He had not gone to medical school, but had
learned the craft through his apprenticeship to a barber-surgeon and
spent most of his career as a military surgeon. He replaced certain tra-
ditional methods, challenging some practices taught in medical schools
for the treatment of wounds. His new methods tended to improve the
chances of recovery. He also improved the design of surgical instru-
ments. Paré, who wrote treatises describing his surgical procedures, had
considerable influence in both the sixteenth and seventeenth centuries.

Botany and Zoology

The term botany was created during the Scientific Revolution to
encompass the study of all aspects of the nature and lives of plants,
rather than to deal with them primarily for their use in medicine. Sev-
eral events triggered these new interests. The reprinting and transla-
tions of classical Greek botanical texts provided a preliminary stimulus.
The discovery of many plants unknown to ancient authorities in the
course of European expansion around the world led to a rethinking
about the nature and classification of plants and to investigations into
the ways in which they functioned. The same was true of animals. The
invention of the microscope in the seventeenth century brought knowl-
edge of entirely new organisms and details in the structure and func-
tion of all living things.

New Flora and Fauna

Books describing and illustrating plants, known as herbals, were
common in the Middle Ages. They were far from accurate, however,
and the plants described were linked to legends and what were thought
of as their religious, magical, and medical properties. This was also true
of traditional bestiaries, books describing animals, living as well as
imagined. The discoveries of new species, however, coupled with a
growing emphasis in art on the depiction of reality, led to the creation
of new herbals and bestiaries depicting and describing them with much
greater accuracy. The multivolumed Portraits of Living Plants by Otto
Brunfels (c. 1489–1534), published 1530–1536, was the first step in
this development. It was quickly followed in 1542 by the publication
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of Notable Commentaries on the History of Plants by Leonhart Fuchs
(1501–1566).

The role of patronage in the depiction of portraits of the patrons
of artists stimulated a more realistic depiction of plants and animals.
Patrons were also important in the development of zoos, botanical gar-
dens and museums originating from their private collections and cab-
inets of curiosities. Municipalities became active in the sixteenth
century in establishing public gardens, and were eager to include vari-
eties from other parts of the world. Europe had begun to import maize,
potatoes, tomatoes, tea, and coffee from other parts of the world, but
plants with exotic flowers were also eagerly sought. In the latter part
of the seventeenth century, plants were being depicted in their entirety,
including their roots, and in the stages of their growth.

Similar changes were taking place with respect to animals. The
leading figure in the unusual studies being made about the animal

4.3 From Borelli’s De motu animalium.
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world was Conrad Gessner (1516–1565). Naturalists sent him de-
scriptions of physical appearances, behaviors, and specimens from all
parts of the world. Gessner wrote and edited dozens of works, and his
Historiae animalium (Histories of Animals) was published from 1551 to
1587. Detailed anatomical studies were undertaken by others, as were
studies in animal embryology. The influence of the mechanical philos-
ophy on the study of animal physiology may be seen in Giovanni Al-
fonso Borelli’s (1608–1679) posthumous De motu animalium (On the
Motion of Animals), 1680–1681. Borelli relied on mechanical explana-
tions to account for movements such as walking, flying, and swimming,
as well as the functioning of muscles and internal organs. He also used
physical concepts such as centers of gravity and the lever, and in his
explanations he referred to chemical processes.

New Taxonomies

Several new taxonomies were created in the sixteenth and seven-
teenth centuries. Most were based on Aristotle’s system, but they were
modified to account for European species unknown to Aristotle and
for those from other parts of the world. Ulisse Aldrovandi (1522–1605)
wrote many treatises on animal taxonomy, most of which were pub-
lished well after his death. His system, and those of others, made al-
terations in the Aristotelian schema, employing certain anatomical and
behavioral criteria. New plant taxonomies employed leaf shapes, flower
or seed characteristics, or habitat as a basis for classification.

The New Physiology

Modifications of Galenic Physiology

Differences with the nature of physiological functions in Aris-
totelian and Galenic interpretations also arose in the sixteenth century.
They chiefly concerned the absence of spiritual factors involved in
those functions. Paracelsus, however, insisted on the existence of an
archaeus, an internal alchemist, producing chemical changes through
spiritual means and thereby governing physiological processes. The dis-
covery that the blood circulates, rather than, as Galen had it, ebbs and
flows in various ways in the arteries and veins, had the most impor-
tant consequences for the development of physiology. A preliminary
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step in that development was Vesalius’ discovery, contrary to Galen’s
description, that blood does not pass directly from the right to the left
side of the heart through the septum, the thick wall separating both
sides of the heart.

Shortly afterward, Michael Servetus (1511–1553) published in
1553 a description of the movement of the blood from the right side
of the heart to the lungs and back to the heart’s left side. Servetus, a
physician, was considered heretical by both the Catholic Church and
Protestants because he questioned the existence of the Trinity. In a
work on theology, in which Servetus held that the divine spirit is in
the blood, he described in a few pages the pulmonary circulation, un-
aware, as were all anatomists in Europe, that it had been discovered in
the thirteenth century by an Egyptian physician. Servetus, from
anatomical observation, saw that blood passed from the right side of
the heart to the left, after passing through the lungs, where it was mixed
with air. His discovery never reached the medical world because, flee-
ing the Inquisition, he went to Geneva, where he was burned at the
stake by Calvinists, along with almost all copies of his book.

Just a few years later pulmonary circulation was rediscovered by
Realdo Colombo (c. 1510–1559) at the University of Padua, who pub-
lished a work on anatomy in 1559. From autopsies and animal vivi-
section, Colombo noted that the pulmonary vein, from the right side
of the heart to the lungs, always contained blood, not air, as had been
thought. Passing from the lungs to the left side of the heart, having ab-
sorbed air or something in it, the blood was brighter and more reddish
than blood coming to the heart from the veins of the rest of the body.
Colombo also described the systole of the heart, its contracted phase,
associated with the heartbeat, as the active stage in the motions of the
heart. This theory contradicted the traditional Galenic view of the role
of the heart’s diastole—its expanded and relaxed stage—in drawing
blood into the heart, rather than pumping it out.

Another professor at the University of Padua, Girolamo Fabrici (c.
1533–1619), a highly respected surgeon and anatomist, also made im-
portant discoveries in anatomy and physiology. In the 1570s he discov-
ered the valves in the veins. In keeping with his essentially Galenic and
Aristotelian outlook, he interpreted their function as the slowing down
of the flow of the blood to the body’s extremities in order to keep the
blood from excessive concentrations in certain parts of the body. The
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valves also served, in his view, to strengthen the veins and to keep them
from stretching. By tying a band firmly about an arm in order to make
a vein and a valve in it appear in the arm’s surface, he demonstrated that
the veins all opened toward the heart. Then, stroking the vein with his
finger toward both sides of the valve, he showed that the blood could
pass the valve easily only in the direction leading to the heart.

The Circulation of the Blood

William Harvey (1578–1657), who had been a student at the Uni-
versity of Padua, had attended Fabrici’s lectures on anatomy. He was
therefore familiar with Fabrici’s discoveries about the valves in the veins
and his insistence on the study of the anatomy and physiology of ani-
mals to broaden our knowledge of human anatomy. Harvey considered
the blood as the living and most fundamental part of the body because
it was the first thing to be distinguished in the development of an em-
bryo. Blood also clearly functions, he thought, to help maintain and
sustain the powers of the body’s organs, a view somewhat different from
that held by the Galenists. For them, the heart and arterial blood func-
tioned primarily in the distribution of heat and substances in the air
throughout the body.

Determined to discover the true motion of the blood, Harvey
traced the sequences involving the motion of the blood in the move-
ments of the heart, its valves, and its flow patterns by observing them,
moving slowly, through his vivisection of cold-blooded animals and
dying mammals. He determined that the heart’s contraction is its only
active motion, one by which blood is expelled from the heart’s auricles,
its upper chambers, through valves leading to the ventricles below
them. From there the right ventricle pumps blood to the lungs, from
which it returns to the heart’s left auricle, whose valve opens to allow
the blood to pass into the ventricle below. The blood then moves to
the aorta, from which it is distributed by successively smaller arteries
to all parts of the body. Blood in the body’s extremities is carried by in-
creasingly larger veins to the right auricle of the heart. Successive heart-
beats continue the process just described. Harvey also concluded that
the pulse in the arteries results from the contraction of the heart, and
that the valves in the veins function to keep the blood from flowing
away from the heart.
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Despite these findings, he did not immediately come to the con-
clusion of the circulation of the blood. It was only after a few years of
additional work, and a shift of his attention to the continuous succes-
sion of heartbeats from what occurs during a single heartbeat, that Har-
vey came to the conviction that the blood circulates. The amount of
blood in the body could not possibly be the result of a process by which
the blood was being continually created, and despite the repeated
pumping of the heart, it never runs out of blood. Harvey could only
surmise that blood passes from the smallest arteries to the smallest veins

4.4 Harvey showed, as had Fabrici before him,
that by pushing the blood through distended
veins, it could only flow toward the heart. From
Harvey’s De motu cordis.
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through invisible passages. He published his results in 1628 in his Exe-
rcitatio anatomica de motu cordis et sanguinis in animalibus (Anatomical
Exercises on the Movement of the Heart and Blood in Animals). De-
spite some initial resistance, his theory was fairly rapidly accepted.

The Oxford Physiologists

Inspired by Harvey’s achievement, a number of physicians centered
around Oxford University began to learn more about the role of blood
in the body. They saw that the passage of blood to the lungs and back
to the heart changed its color from dark to bright red. Richard Lower
(1631–1691) and others questioned the idea that the function of the
heart lay in its ability to impart heat and “vital spirits” to the blood. They
assumed that the air in the lungs, or something in the air, an aerial nitre,
as it was called, added a significant and nourishing component to the
blood and, therefore, to the proper functioning of the body. The lungs
functioned to remove the waste products accumulated by the blood in
the course of its circulation. Lower also calculated, assuming complete
elimination of blood from the ventricles with each contraction, the rate
at which the blood circulates, concluding that it does so thirteen times
in an hour. This was much more rapid than had been suspected. He and
his colleagues also experimented with animals, injecting air directly into
the blood, to note its effects, and also performed the first blood transfu-
sion, at first on animals and eventually on a human.

Microscopy

The invention of the microscope shortly after, and very likely in-
spired by, the invention of the telescope in the first decade of the sev-
enteenth century brought discoveries of new organisms and novel
details of anatomy and physiology in all living things. Magnifying
glasses had been known from ancient times, but the microscope was
the first magnifying instrument with compound lenses. The growing
ability to grind lenses to curvatures other than spherical led to im-
provements in the magnifying and resolving powers of microscopes and
of single lenses as well. Spherical and chromatic aberrations, as well as
decreased illumination, beyond limited magnifications, however, re-
sulted in poor resolution. The design of an improved microscope, de-
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scribed and illustrated by Robert Hooke in his Micrographia: or Some
Physiological Descriptions of Minute Bodies Made by Magnifying Glasses
of 1665, made it a popular instrument. It was capable of being tilted
for the user’s convenience, and the specimens under examination could
be viewed under a reflected light. Later improvements during the next
few decades included substage illumination, changeable lenses for
different magnifications, and the use of slides for the mounting of spec-
imens. Techniques such as freezing, drying, injecting with wax, and
dyeing for the preparation of specimens were also developed. The ex-
tent of magnification with single lenses had been significantly devel-
oped, and the best ones exceeded the magnifying powers of
microscopes with compound lenses.

The Microscope and the Invisible World

The earliest microscopic investigations were of insects. A micro-
scopic study of the anatomy of the bee was published in 1625. Micro-

4.5 Robert Hooke’s microscope. From his Micrographia
(1665).



4.6 Anatomy of a may-fly through Swammerdam’s microscope.
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scopic details of the eye of the fly were described and illustrated a few
years later. The appearances of seeds, glands, and human tissues under
the microscope were published in books devoted to the newly detailed
life forms. Robert Hooke’s very popular Micrographia had several dozen
beautifully engraved illustrations of insects, molds, seeds, and slices of
cork. He discovered that cork is composed of cells; that discovery even-
tually led to the generalization of the cellular nature of living things.
The anatomy of a may-fly was detailed with the aid of a microscope by
Jan Swammerdam (1637–1680) in his posthumously published The
Book of Nature (1737–1738).

Antoni van Leeuwenhoek, a clothing merchant and land surveyor,
was the best lens-grinder of his day. Using a single lens with a magni-
fying power of over 250 diameters, he examined hundreds of objects
and communicated most of his observations to the Royal Society of
London, which published many of them. Leeuwenhoek became an in-
ternational celebrity for his work in microscopy. His interests centered
on the minute structures of organisms and the means governing re-
production and growth. He examined objects living and dead, among
them the cells of various woods, salt crystals, dental bacteria, and mus-
cles. His most important discoveries included the red blood cells, sev-
eral microorganisms, and the spermatozoa of humans and a number of
different animals.

Among the most important microscopical discoveries in the sev-
enteenth century were those made by Marcello Malpighi (1628–1694),
who discovered in 1661 the capillaries joining arteries and veins, thus
confirming the circulation of the blood in the manner surmised by
Harvey.

Generation

The use of the microscope brought new thinking about the na-
ture of generation, the term given to what we now call reproduction.
Aristotle had written on the subject, proposing that some living things
come into existence by epigenesis, the creation by spontaneous gener-
ation, or alteration, of the forms of substances. He held that lower
forms of life such as grubs or larvae emerged from mud or decaying
organic matter. Others posited the generation of insects, plants, and
vermin from non-living substances. Aristotle also explored the idea that
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the developed forms of living organisms arose from similarly formed
early stages in the process of generation.

Details of embryonic processes in animals had been observed in
the ancient world and the Middle Ages with differing results. The col-
lection of such data increased in the sixteenth century, notably through

4.7 Reproduction in frogs, from mating, to the devel-
opment of tadpoles. From Jan Swammerdam, The Book
of Nature (1737–1738).
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observation of incubated chicken eggs at various stages after having
been laid. William Harvey made many such observations and con-
cluded that all living things came from eggs in which the forms of or-
gans evolved from shapeless matter in the course of embryological
development. The microscope provided details of generation and
growth unavailable earlier.

Around the mid-seventeenth century the use of the microscope
and experiments testing the idea of the creation of life forms from non-
living matter led to challenges to the theory of epigenesis and its re-
placement by the idea of preformation. The microscopical studies of
insects showed that they had sexual organs and reproduced sexually.
Marcello Malpighi and other microscopists described in minute detail
the first appearance of cells and their organization into the first stages
in the development of organs. The function of the ovaries in produc-
ing ova was soon discovered, and the description of spermatozoa by
Leeuwenhoek led to the new notion of reproduction through fertiliza-
tion. Spontaneous generation was discarded, at least for some time, by
the demonstration by Francesco Redi (1626–1697) that when rotting
organic matter is kept in tightly sealed jars, no organisms can emerge
from it. All existing organisms, it was concluded, can only be the off-
spring of parents. The preformationists were of two camps. One group
held that all organisms existed in the invisible primary structure of
their species in ova; the other as fully formed minuscule individuals in
spermatozoa. Preformationism remained the dominant approach until
the nineteenth century.

Summary

The discovery of many new plants and animals unknown to the
ancients led to detailed studies of their forms and the processes gov-
erning their activities, and it engendered efforts to create new, more 
appropriate taxonomies. The increasing use of observation and exper-
imentation during the Renaissance to discover the details of human
anatomy brought about important challenges to traditional concep-
tions. The work of Andreas Vesalius transformed the investigation and
teaching of anatomy and encouraged the search for new anatomical dis-
coveries. During the Scientific Revolution new ideas from physics and
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chemistry began to be applied to a limited extent to the study of liv-
ing things. The new anatomy resulted in the questioning of traditional
ideas on physiology and in important discoveries that marked a
turning-point in the departure from Aristotelian and Galenic princi-
ples. Although William Harvey did not entirely abandon those princi-
ples, his discovery of the circulation of the blood was such a
turning-point. The use of the microscope, beginning early in the sev-
enteenth century, brought additional changes to the study of anatomy
and physiology and led to new discoveries about the nature of living
things and their reproduction.



Close observation, experimentation, mathematics, and measurement
were all significant in the creation of the Scientific Revolution. Mathe-
matics and measurement had long been important in certain traditional
branches of science, but during the Scientific Revolution they were em-
ployed in new ways and, together with detailed observations and ex-
periments, they advanced knowledge attainable in no other way. New
theories about how to understand nature better stressed the importance
of some or all of these practices. Considerations about the best meth-
ods for the advancement of knowledge also included new ideas about
causes and the nature of explanation, which did not fully replace Aris-
totelian approaches until about the mid-seventeenth century.

Aristotelian Methodology

A Hierarchy of the Sciences

Aristotle, following a general characteristic of ancient Greek
thought on the importance of classifying by rank in all sorts of areas,
held to a hierarchy of the sciences. The highest form of thinking was
in the realm of metaphysics, concerned with the nature of existence,
of causes and of substances in the most abstract sense. Then came
physics, the study of nature, or the science of changes and movements
that we see all about us. Mathematics is abstracted from nature and is
therefore not a fundamental characteristic of the study of nature as Ar-
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istotle defined it. Aristotle recognized, however, that some of the phys-
ical sciences—astronomy, optics, mechanics, and harmonics—were
mathematical in nature. These came to be called “mixed sciences” by
later Aristotelians and were to prove important in the development of
the Scientific Revolution. Still lower down in Aristotle’s taxonomy of
the branches of learning were branches of technology and the crafts,
as well as what we now call the social sciences, such as economics and
psychology.

Rules of Reasoning

Aristotle and later philosophers gave a good deal of attention to
proper methods of reasoning and the avoidance of errors in thinking.
The rules of correct thinking were essential for the effective mastery of
all sorts of knowledge. The basic form of logic was that of the syllogism,
which deduced a characteristic of a subject by determining its mem-
bership in a class whose members shared that characteristic. One ex-
ample of the variety syllogistic forms is “Socrates is a man; all men are
mortal; Socrates is therefore mortal.” Useful as it is, this came to be
seen during the Scientific Revolution as not being very helpful in gain-
ing new knowledge about natural phenomena. For Aristotle, in the
study of natural philosophy, it was necessary to determine the essen-
tial nature of the objects of concern. The world is composed of a vari-
ety of objects—substances—both material and immaterial, each with
its attributes. The essential natures of objects and events observed in
the world must be determined in order to establish the causes of change
through logical analysis.

Aristotle’s Causes

In the matter of explanation, Aristotle proposed that everything
that happens has four causes. The primary cause is the tendency for
things or processes to attain, or respond to, an inherent goal or aim.
Second was the material cause, the substance of which the object under
consideration consisted. Third was the formal cause, depending on the
shape of the object. Everything in the world exists as formed matter.
The fourth cause was the immediate cause, an event precipitating or
maintaining a change of any sort. These four causes operated in the
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heavens as well as on the Earth. The celestial causes included a Prime
Mover, the purpose behind the circular motions of all celestial objects,
which were moved by spheres composed of the element aether, and
thereby moved the planets attached to them. On the Earth: A bed ex-
ists because of a plan to construct one; the bed is made of wood, with
its parts attached to provide a given form, and the work of the car-
penter who made it.

A New Epistemology

Epistemology, the philosophical inquiry into the nature of knowl-
edge, the means of its acquisition, its suppositions, and validity,
changed substantially in the course of the Scientific Revolution. The
value of logic was not denied, but the complexities of life and the urge
to gain new knowledge of a world found to be more complex than con-
ceived by the ancients gave rise to new theories about the most effec-
tive ways of learning about the natural world. Greater emphasis would
be placed on doing coupled with thinking as the best way of gaining
such knowledge. Reasoning by deduction from new and well-
established premises to sound conclusions and by induction from new
observations and experiments to useful hypotheses and theories were
characteristic features of the Scientific Revolution.

Magic and the Occult Sciences

Aspects of the practice of magic were influential in shaping new
approaches to gaining knowledge of the natural world. Magic and con-
ceptions about the supernatural had existed in Antiquity. In Western
Europe magic had been divided into two types: white, or natural, magic
and black magic, or magical events occurring with the assistance of
demons or evil spirits. The medieval Church had frowned on magic,
but in the course of the Renaissance, magic and the operation of oc-
cult, or hidden, forces in nature became an important component in
thinking about the nature of the world. In part this change resulted
from the arrival in Europe of a series of manuscripts believed to have
been written by Hermes Trismegistus, “the thrice-great Hermes,” a
statesman, philosopher, and religious thinker who lived in Egypt well
before the development of Greek culture. The Hermetic writings were
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later found to have been written by several authors in the Hellenistic
period. Also arriving in the West was the Kabbalah, Hebrew texts on
the relation of words to numbers, the knowledge of which, like the
Hermetic corpus, could enable one to achieve things otherwise impos-
sible by the methods of traditional natural philosophy. Belief in witches
was also common, as were beliefs in astrology and the alchemical trans-
formation of some metals into others or to make them grow through
proper alchemical practices.

There were several ways by which results in the occult sciences
were achieved. Since spiritual causes had long been seen in all religions
to affect and explain changes in individuals and in the larger world,
the extension of the concept of unseen forces as causing natural events
seemed reasonable. One such commonly accepted cause was the con-
cept of correspondences, chiefly in the form of macrocosm/microcosm
relationships. It was widely believed that aspects of cosmic or large-
scale structures are reflected in smaller, analogous ones. The twelve tra-
ditional signs of the zodiac are each analogous to specific organs of the
human body. The four types of matter—earth, water, air, and fire—cor-
respond to the four seasons and the humors of the body. These analo-
gous relationships may also possess causal aspects, as in the alignments
of the planets and the weather or the prospects for one’s recovery from
illness. The causes may yield positive or negative results, commonly
referred to, respectively, as sympathy and antipathy. An example of a
sympathetic effect is the theory that a wound might be healed by the
application of a remedy to the instrument that caused the wound.

A proper understanding of the Scientific Revolution requires
analysis of the relationship between the new and more effective
methodologies that emerged in the Early Modern period and the grow-
ing interest in magic and the occult sciences during the Renaissance.
A good case can be made for the idea that belief in the occult sciences,
but more particularly in their practices, was an important factor in the
development of the Scientific Revolution. Whereas witchcraft, corre-
spondences, microcosm-macrocosm relationships, and the character of
a sorcerer or magician were not particularly helpful, the rites associ-
ated with white magic represented an important aspect of the growing
belief that it was possible to achieve desired results by intervening in
nature. The use of spells, rites, and the invocation of assistance from
spirits was an aspect of the idea that one must not only observe nature
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but also intervene in it to achieve desired results. More important was
the experimentation conducted by practitioners of the occult sciences
to achieve their hoped-for results. The increased perception of the im-
portance of mathematics, associated by many during the Renaissance
with magic, in understanding the world, as advocated in the recently
available works of Plato, was also significant in the new approaches to
the acquisition of knowledge.

Francis Bacon and the New Organon

Francis Bacon (1561–1626), eager to promote a useful method for
the growth of knowledge, proposed a new organon, a new tool, de-
scribing the most effective practices for achieving that goal. He strongly
emphasized the importance of empiricism, the acquisition of facts
learned from observation, either directly or through experimentation.
It is necessary to collect and correlate as many facts as possible in order
to then be able to create generalizations from which those facts, as well
as others, would flow—thus leading to new knowledge. It was impor-
tant, however, to seek counterinstances to test the validity of the rules
induced from the observations. Experiments are important in extend-
ing the range of our observations by forcing nature to reveal aspects of
it hidden to us by our ordinary experiences. Bacon also laid out four
erroneous ways of thinking that retarded the advancement of knowl-
edge. In his Novum organum (A New Instrument) of 1620, he described
the existence of “idols,” as he called them, that hinder correct and ef-
fective thinking. The Idols of the Tribe, the Cave, the Market Place,
and the Theater are restrictions imposed on us by our sensory abili-
ties, individual aberrations, society and language, and erroneous
philosophies.

The Novum organum was only one part of a vast undertaking by
Bacon to create a firm foundation for the growth of knowledge. He pro-
jected a six-volume series of books, collectively entitled Instauratio
magna (The Great Instauration), a grand renewal of our knowledge of
the natural world. The project was never completed: among its pub-
lished segments was De augmentis scientiarum (On the Growth of
Knowledge, 1623). It is concerned with establishing that knowledge
must grow, and not merely be collected and passed on as traditional
wisdom. Bacon emphasized the importance of the history of natural
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phenomena and the collection of data from observations, experiments,
and technology. In a forceful way, Bacon presented the notion and goal
of progress. Technology was the engine of progress: printing, the com-
pass, and gunpowder had changed society more substantially than the
cogitations of the greatest philosophers. Bacon held that knowledge is
power, not only in the political sense but also in its ability to yield use-
ful results for the benefit of humankind. These ideas were linked to re-
ligious concepts: Bacon saw the advancement of knowledge as a return
to the ideal state in the Garden of Eden. In his New Atlantis (1626), a
utopian account of the discovery by some voyagers of a scientific re-
search institution, Bacon suggested that the development of science was
a collaborative enterprise and proposed the organization and activities
of scientists in ways that would further their investigations. That work
became a model for those who, later in the century, created the scien-
tific society named the Royal Society of London.

The Mechanical Philosophy

The new ideas concerning the proper pursuit of natural philoso-
phy were given various names. The term mechanical philosophy seems
most appropriate because the model to explain change was seen as
analogous to the operation of machines. The mechanical philosophy
received an important impetus from the increasing reliance on and im-
portance of machines in economic and everyday life. Leonardo da Vinci
(1452–1519), the political philosopher Thomas Hobbes (1588–1679),
and René Descartes compared learning how nature works with learn-
ing how a watch works by taking it apart. Things happened because
objects were pushed or pulled. The motions, collisions, and speeds of
material objects were seen as important means of explaining natural
events. Mathematical relationships and experimentation were signifi-
cant aspects of this new approach to causes. In the course of the Sci-
entific Revolution all but the immediate cause of the traditional
Aristotelian four causes were rejected. The material and formal causes
became irrelevant. The traditional first causes, goals, or purposes were
to be rejected in explanations of natural events.
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Cartesian Methodology

The ideas of René Descartes were the most decisive influence in
the development of the mechanical philosophy. He, like Bacon, sought
a sound basis for a philosophy of nature that would allow for the
progress of knowledge. Although a skilled experimenter, Descartes paid
less attention to the importance of experimentation than did Bacon.
Descartes attacked formal logic as useless and primarily a tool for ex-
pressing what was already known. One must begin by doubting 
received opinion. In his Discourse on Method (1637), Descartes em-
phasized the importance of arriving at certainty by proper thinking
about the principles governing natural phenomena. He began with a
dualistic conception of the nature of existence, holding that the uni-
verse consists of two distinct entities, the material and the spiritual.
God created the universe, which contained both components. Every-
thing in the created world, except the human soul, immortal and ca-
pable of thinking, consists of particles of matter in constant interaction.
For Descartes, the universe was completely full, there were no vacu-
ums, and the concept of attraction was anathema. The motions of in-
dividual particles, or clusters of them, can account for all natural
phenomena, including the motions of the planets, magnetism, the
transmission of light, and the behavior of animals. The bodily func-
tions of all living things, including humans, could be explained by 
mechanical means. Descartes tried, not very effectively, to explain me-
chanically William Harvey’s description of the circulation of the blood.
Descartes, did, however, successfully account for muscular reflex ac-
tions by mechanical means. Descartes was an excellent mathematician
and played an important role in the development of geometric algebra.
In his view the certainty of mathematics and universal agreement about
the results of mathematics provided an additional model for the way
science ought to develop.

Mathematics and Natural Philosophy

During the Scientific Revolution there were several reasons for the
increased use of mathematics in the study of nature. Classical mathe-
matical works became available and were mastered during the Renais-
sance. The mathematical achievements of the ancient Greeks were built
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upon and applied to problems in navigation, engineering, architecture,
and various crafts to a greater extent than had been seen in previous
ages. In art as well, mathematical techniques were employed to make
artistic representations more effective. The discovery of perspective,
using geometrical ratios to provide accurate renditions of how things
are seen both near and far and to give the appearance of three-
dimensionality, had a tremendous impact on the development of art.
Albrecht Dürer (1471–1528) employed a device to assure accurate pro-
portions between parts of a scene he was trying to reproduce. The in-
creased emphasis on realism in art and in the study of nature was
coupled with the certainty provided by mathematics.

Those sciences, relying on mathematical components inherited
from Antiquity, such as astronomy, optics, and music, made significant
progress in the early years of the seventeenth century through novel
applications of mathematical analysis. The achievements of Tycho
Brahe and Johannes Kepler greatly improved accuracy in the predic-
tion of astronomical events. Kepler pointed out that the intensity of
light diminishes in an inverse-square ratio with distance from the light
source. Angles of incidence and refraction in different media had long
been measured, but the sine law of refraction was independently 
discovered by Thomas Harriot (c. 1560–1621), Willibrord Snel (1580–
1626), and René Descartes early in the seventeenth century. Newton
would later measure the angles at which light of various colors was re-
fracted.

Music had been seen from ancient times as a branch of applied
mathematics and was taught that way in the universities. Mathemati-
cal relationships between different tones was well known. Galileo con-
ducted experiments to determine mathematical ratios between strings
emitting different tones and their lengths and the distances covered by
the center of a vibrating string.

New Applications of Mathematical Analysis

Mathematical analysis in areas where it had not been applied be-
fore, and in conjunction with experimentation, marked an important
development of the Scientific Revolution. In mechanics Galileo, seek-
ing to find the relationship between the distance fallen by an object
and the time during its fall, carefully measured segments of the dis-
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tance and time to determine their ratios. The result was a striking re-
vision of long-held ideas about the nature of motion. After Galileo sev-
eral experimenters measured the results of the impact of bodies of
different or similar weights upon each other. The ratios of the speed of
whirling bodies to distances from their centers was determined by
Christiaan Huygens. Newton’s formulation of his second law of motion
involved mathematical determinations in moving bodies of changing
relationships between velocity and/or direction of motion. His principle
of universal gravitation involved quantitative determinations of dis-

5.1 Christiaan Huygens’ diagram of his pendulum clock. From
his Horologium oscillatorium (1658).
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tance and mass. The discovery of laws of nature expressed in mathe-
matical form had become the ideal in natural philosophy.

The importance of measurement in the emerging new natural phi-
losophy was becoming apparent in the life sciences as well. William
Harvey and his successors thought it important to measure the amount
of blood leaving the heart during systole. Giovanni Borelli applied me-
chanical principles to certain aspects of animal and human activities.
Interest in measurement and the pursuit of greater precision often re-
quired the slowing of motion to ascertain more effectively the result-
ing effects. This may be seen in Harvey’s slowing of the motions of the
heart and in Galileo’s use of inclined planes to slow the motion of
falling bodies. The search for greater precision and detail brought the
inventions of the microscope, the thermoscope, the barometer, the tel-
escopic micrometer, the pendulum clock, and the odometer. The pur-
suit of greater effectiveness and rapidity in managing the increasing
complexities of calculation led to the use of decimal fractions, the pub-
lication of trigonometric tables for smaller and smaller angles, the de-
velopment of calculating machines, and the creation of logarithms. All
these applications and mathematical developments were essential com-
ponents of the mechanical philosophy.

Experimentation

Experimentation had not been entirely absent in Antiquity or the
Middle Ages, but it was insignificant in a natural philosophy dominated
by an emphasis on thinking rather than doing. This view slowly began
to change in the sixteenth century, but a pronounced change occurred
very early in the seventeenth century.

Experimental Design

Galileo’s efforts to determine the true paths of projectiles and of
falling bodies, involving the use of experiment and measurement, re-
quired the design of experimental apparatus that would approximate
as closely as possible the ideal conditions implied by the mathematical
relationships being sought. Galileo used inclined lengths of wood, with
highly polished grooves, down which he rolled steel balls to minimize
friction. Harvey, too, had to design his experiments and observations
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on blood flow to allow effective and detailed observation by slowing
the movement of the blood.

Conclusions determined from experimental results were some-
times subjected to further tests by varying the original experiments or
by conducting new experiments. Blaise Pascal’s trials with mercury-
filled tubes were made under different conditions, utilizing a variety of
shapes and sizes, and at different elevations. Robert Boyle’s air pump
had a glass chamber, so that different objects could be inserted, acti-
vated, and observed under conditions of partial or total evacuation of
air. Under the latter condition, a simultaneously dropped feather and
coin landed at the same time, an experiment duplicated in the twenti-
eth century on the airless Moon. Newton subjected the initial results
of his experiments with light refracted through a prism to further tests
of the apparent constitution of white light by rays of different colors.
Refractions of each color in the original spectrum resulted in no change
in color; and bringing the spectrum to a focus, blending its colors back
into white light, appeared to validate his theory that white light is com-
posed of a mixture of light of separate colors. An important aspect of
all these experiments is that they were repeated more than once and
were described in such a way as to be able to be reproduced by any-
one who followed the same procedures.

Invisible Causes and Mathematical Descriptions

Galileo, who had been initially concerned with the causes of
falling bodies, abandoned attempts to find them upon discovering the
mathematical relationships that expressed how they fell. There seemed
to be no way to discover those causes with a similar mathematical cer-
tainty. The proponents of the mechanical philosophy, in contrast, con-
tinued to seek the immediate causes of various phenomena by
postulating motions of invisible particles as the causes of certain phe-
nomena. By the end of the seventeenth century, a purpose or goal could
not be assigned as a cause of phenomena; but for effects not easily ex-
plained by perceptible mechanical means, the assignment of a property
or tendency would suffice. Magnets tended to attract iron. The rela-
tionship of air pressure to the height of mercury in a barometric tube
could be explained by assigning a property to air—its elasticity, its ten-
dency to expand. Because mechanical philosophers were generally dis-
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satisfied with occult forces such as Newton’s universal gravitation that
could not be explained mechanically, many simply referred to it as a
natural property of all bodies. Despite vigorous objections to the con-
cept of universal attraction upon its publication, its great success in ex-
plaining in incontrovertible mathematical terms, motions in the
heavens and on the Earth successfully silenced those objections.

The New Philosophy and the Wider Culture

Thus far have been noted how social and cultural changes in Eu-
rope during the Early Modern period affected ideas on the nature of
natural philosophy. The new approaches and achievements in the study
of nature in turn began to affect the culture at large in this period,
though to a limited degree. Those effects, greatly enhanced by further
scientific developments, would profoundly affect life and culture
throughout the world in later centuries. During the Scientific Revolu-
tion, however, effects of the new philosophy could be seen in popular
culture, the arts, and the universities and in the creation of new insti-
tutions.

Popularization

There were increasing efforts during the Scientific Revolution to
provide those who were literate, even if they were of the lower classes,
with the new scientific ideas of the natural philosophers, written in the
various European languages. Among the most popular works were al-
manacs, issued annually, providing not only astronomical and astro-
logical information but also weather predictions and the best times for
planting. They cost little and, with the Bible, were frequently the only
printed works in a household where at least one member was literate.
In the early seventeenth century, some almanacs explained the Coper-
nican theory and, by mid-century, some of Kepler’s ideas and even his
tables that were used for the calculation of the positions of celestial
bodies in the course of the year. Kepler’s ideas had even spread across
the ocean. In 1662 an almanac published in New England explained
that the planets dance “illiptical Sallyes, Ebbs and flowes,” responding
to “Magneticall Charmes” issuing from the Sun.

In the sixteenth century there began to appear translations of clas-
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sical ancient works in mathematics and natural history into the ver-
naculars of Europe. In the seventeenth century, books on modern sci-
ence, such as those written by Galileo and Kepler, originally written in
Latin, were being translated. Latin was slowly beginning to be replaced
as the language of learning, and the educated elites and members of
the middle classes were targeted by some natural philosophers as an
additional audience for treatises on new scientific ideas written in the
vernacular. Galileo wrote his Dialogue Concerning the Two Chief World
Systems—Ptolemaic and Copernican in Italian. Although after Galileo’s
trial by the Inquisition the book was placed on the Index of Prohibited
Books, in 1633, that did not keep it from being disseminated and read.
Three years later it was translated into Latin so that it could be read
by those who knew Latin, but not Italian. Descartes wrote his Discourse
on Method (1637) in Latin but in 1644 translated it into French. Rob-
ert Hooke’s Micrographia was written in English. Newton described his
optical experiments in English in his Opticks of 1704. It was translated
into Latin two years later.

In addition to translations of works describing the new scientific
concepts, books were written to explain those concepts to the common
reader in a more easily understandable form. One of the greatest pop-
ularizers of science was John Wilkins (1614–1672), who wrote books
on astronomy and mechanics. One of these, A Discourse Concerning a
New World & Another Planet (1640), reprinted six times by the end of
the century, explained and defended the Copernican system as im-
proved by Kepler and Galileo. It appeared at a time when arguments
from Scripture and common sense carried more weight among layper-
sons than scientific arguments. Wilkins further published Mathematical
Magick (1648), a text on elementary mechanics, which also reached a
large audience. The most popular work of all, explaining the Cartesian
version of the Copernican theory, was by Bernard le Bovier de
Fontenelle (1657–1757). His engagingly written Entretiens sur la plu-
ralité des mondes (Conversations on the Plurality of Worlds) of 1686
was an immediate success, often reprinted and translated into several
languages.

The ideas of Copernicus, Kepler, and Galileo also appeared in a
number of poems that showed how widely understood those ideas
were. John Donne (1573–1631) read Kepler’s book, De stella nova (On
the New Star), published in 1606, on the appearance of a new star that
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had recently been observed in the heavens. In several works Donne re-
ferred to novas as challenging the Aristotelian concept of the perfect
nature of space. In his Biathanatos of 1608, he cited Kepler’s book as
his source for a critique of

Aristotle’s followers, . . . who defending the Heavens to be inalter-
able, because in so many ages nothing had been observed to have
been altered, his Schollars stubbornly maintain his proposition
still, though by many experiences of new Stars, the reason which
moved Aristotle seems now to be utterly defeated.

Poets also seemed interested in meeting the authors of the new scien-
tific ideas. Donne met Kepler on a trip to the Continent in 1619; and
John Milton (1608–1674), on his trip to the Continent in 1638–1639,
paid a call on Galileo. Milton, referring to Kepler’s theory of the cause
of planetary motions, in Book VIII of his Paradise Lost has the angel
Gabriel ask Adam

What if the Sun
Be centre to the World, and other Stars,
By his attractive virtue and their own
Incited, dance about him various rounds?

The Universities

In the course of the Renaissance there was growing impatience
with logic and the transmission of Aristotelian ideas as the foundation
of university curricula. The discovery of ancient alternatives and of new
goals and styles of life brought with them a questioning of the tradi-
tional modes of learning. The practitioners and proponents of the New
Philosophy argued that university teaching needed to be reformed.
Mathematics and experimentation, so fundamental to the new natural
philosophy, had little place in the fundamentally Scholastic orientation
of the universities, where traditional texts reigned supreme.

This situation began to change, more readily in some universities,
but not at all in others, in the course of the seventeenth century. Most
of the innovative natural philosophers had attended universities, and
a substantial number of them were members of university faculties.
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Certain of Copernicus’ ideas received a favorable hearing at the Uni-
versity of Wittenberg in the second half of the sixteenth century. Rheti-
cus, Copernicus’ first disciple, and Reinhold who although not a
convert constructed the first Copernican astronomical tables, had
taught there. Johannes Kepler learned his Copernicanism from his pro-
fessor of astronomy at the University of Tübingen. Galileo taught at the
universities of Pisa and Padua; Newton taught at the University of Cam-
bridge. The medical schools were more receptive to the new ideas.
Their professors, notably at the University of Padua, took important
initiatives to advance knowledge in anatomy, physiology, and embry-
ology. The task of a professor was no longer to transmit and analyze
the works of Galen, but to discover new things unknown to the an-
cients and to teach them to their students. Medical professors were also
eager to learn more about botany, zoology, and chemistry to increase
the effectiveness of medicines.

By the second half of the seventeenth century the impact of the
New Philosophy was beginning to be felt in a number of universities.
Cartesianism began to enter the curricula of several of them. Mathe-
matics—in many institutions, very elementary mathematics—had long
been part of the undergraduate curriculum, but mathematics began to
receive greater emphasis, first in Protestant universities and Jesuit in-
stitutions, which were less bound by tradition than older universities.
The gradual absorption of the new learning by the leading universities
contributed to its acceptance, as did the easing of concerns about chal-
lenges to Scripture. Universities alone, however, were not seen as pro-
viding sufficient resources and opportunities for the advancement of
knowledge. Faculty members and others joined together to create so-
cieties to conduct experiments and to promote and transmit new
knowledge.

An Expanding Audience

Among the goals of Renaissance humanism was to transmit the
knowledge of a changing world to a public audience, including those
who had not attended a university. King Francis I established an insti-
tution in Paris in 1530 to provide lectures in mathematics and medi-
cine, as well as ancient languages and philosophy. Initially called the
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Institution of Royal Lecturers, it was renamed the Collège Royal in
1610. Although distinct from the University of Paris, both institutions
occasionally shared speakers. An institution with a somewhat similar
function was created in London. The will of Thomas Gresham, a busi-
nessman and diplomat, bequeathed his home and an endowment for
the establishment of Gresham College. It was founded in 1596 to pro-
vide lectures in both Latin and English in seven subjects, among which
were astronomy, mathematics, and medicine. Its lecturers had attended
Oxford and Cambridge universities and frequently returned to them as
professors when openings bcame available. By the 1640s Gresham Col-
lege became a gathering-place for natural philosophers to meet for dis-
cussions after the lectures.

By the early seventeenth century the transmission and exchange
of scientific ideas had became an important means to develop and
spread the ideas of natural philosophy, chiefly through letters that could
be received in days or in a few weeks from one part of Europe to an-
other. Many scientists sent and received hundreds of letters in the
course of their careers. A few individuals, known as “intelligencers,”
undertook to serve as intermediaries for the transmission of scientific
intelligence, or information. One of the most important was Nicolas-
Claude Fabri de Peiresc (1580–1637). He corresponded with hundreds
of individuals from his home in France and wrote and received thou-
sands of letters, many of which he had an assistant copy and forward
to another recipient. Marin Mersenne (1588–1648) was another such
“clearing-house.” From his monastery in Paris, Mersenne corresponded
with Galileo and Descartes, among many others. In London, Samuel
Hartlib (c. 1600–1662) carried out similar functions.

Scientific Societies

The creation of formal organizations to promote scientific re-
search and to transmit new ideas and experimental results to a wider
scientific audience was a new and important development. In 1603
Federico Cesi (1585–1630), descended from wealthy members of the
nobility, founded the Accademia dei Lincei, the Academy of Lynxes, in
Rome. It was named after the keen-eyed felines and was organized to
promote the advancement of natural philosophy. Its most distinguished



5.2 The frontispiece of History of the Royal Society by Thomas Sprat (1667) shows
a bust of King Charles II as founder and patron of the society, flanked on its right
by the society’s president and on its left by Francis Bacon, whose goals were an
inspiration for the society.
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member was Galileo. It did not long survive, but other societies con-
tinued to be formed and to flourish. Among the new groups for the
discussion and promotion of new scientific ideas in the seventeenth
century were the Montmor Academy in Paris, which flourished for a
decade, beginning about 1653. In the 1640s a similar group, the Ox-
ford Philosophical Society, was created. Under the patronage of the
Duke of Tuscany, the Accademia del Cimento (Academy of Experiment)
was created in Florence in 1657 to carry out experiments in the new
natural philosophy.

In 1660 some natural philosophers who had been at Oxford, in-
cluding John Wilkins, Robert Boyle, and Robert Hooke, came to Lon-
don and, merging with a group that had met regularly at Gresham
College to discuss natural philosophy, created a scientific society. Two
years later the society received a royal warrant and became the Royal
Society for the Promotion of Natural Knowledge. Its members saw
themselves as followers of Francis Bacon. It was a dues-paying, self-
governing organization that elected its officers, a council, and new
members. It had a paid demonstrator of experiments, Robert Hooke,
and heard lectures about scientific work both in Britain and elsewhere.
Its secretary, Henry Oldenburg (c. 1619–1677) kept minutes of the so-
ciety’s meetings and was a very active intelligencer, carrying on an in-
ternational correspondence in Latin, English, French, Italian, and
Dutch. In 1665 he founded the Philosophical Transactions of the Royal
Society, which shortly became the Royal Society’s official publication.
The Royal Society and its journal became a model for other scientific
organizations.

In 1666 a similar organization, the Académie Royale des Sciences
(Royal Academy of Sciences) was established in Paris by King Louis
XIV, but with significant differences in organization. Its members were
chosen, from both France and abroad, by a minister of the king, were
paid handsome salaries, and were expected to evaluate requests for
patents. Established at the same time were an observatory and a jour-
nal providing reports on the activities of its members, as well as reports
of scientific work done elsewhere. King Charles II of England created
a Royal Observatory at Greenwich, then a suburb of London, with a
paid astronomer as its director. The creation and support of scientific
institutions by governments would grow substantially in the following
centuries.



Summary

Aristotle’s concepts of method and of explanation in natural phi-
losophy were superseded in the course of the Scientific Revolution.
Greater emphasis was placed on the collection of facts and intervening
in nature by experimentation to gain new facts and to test hypotheses.
The determination of mathematical relationships and “laws” that ex-
plained observed phenomena, and from which new ones could be de-
duced, became an ideal. The Mechanical Philosophy rejected the role
of purpose and hidden forces in causal explanations in favor of analo-
gies with mechanical processes. Scientific activity became much more
of a collaborative enterprise through correspondence between natural
philosophers, the organization of scientific societies, and the publica-
tion of journals.
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A fundamental part of the cultures of all peoples is their attempts to
understand the origin of the world and its inhabitants, the causes of
the natural phenomena affecting their lives, and how best to deal with
one’s mortality. These universal endeavors are reflected in their reli-
gions. Until relatively recent times, conceptions about the natural
world and the growth of knowledge about it were almost always en-
twined with religious beliefs. Aristotle equated his highly abstract god
with the prime mover, the fundamental cause of the motions of the
heavenly spheres. For Aristotle the deity and the universe were both
eternal, and there was no role for divine providence in the workings of
the world. The theologies that developed in Judaism, Christianity, and
Islam differed in fundamental ways from Aristotle’s view. The very high
regard in which Aristotle’s philosophy was held required serious at-
tention to those theological differences.

With the development of the Catholic Church and its institutions
in Western Europe, and as the state religion in all its governments, nat-
ural philosophical ideas were subject to theological analysis and con-
trol for the prevention of heresy and threats to the social order. Europe
in the Early Modern period was the scene of powerful religious differ-
ences and contention. The Reformation not only broke what had been
the Universal Church into several pieces but also was a source for vary-
ing approaches to new scientific ideas. Because religious beliefs were
universally held, there were some instances where they may have
played a role in the shaping of those new ideas. The effects of science
on religious beliefs during the Scientific Revolution were minimal, but
would become significantly greater in later centuries.

CHAPTER 6

RELIGION AND NATURAL
PHILOSOPHY
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Aristotle and Christianity

The translations in the twelfth and thirteenth centuries of Aris-
totle’s works from Arabic, into which they had earlier been translated,
into Latin, along with commentaries on them by Muslim philosophers,
had a profound effect on the universities of Western Europe. Aris-
totelian concepts became the foundation of the undergraduate cur-
riculum and advanced studies for degrees in theology, medicine, and
law. Medieval and Early Modern Aristotelianism consisted of a general
agreement on Aristotle’s principles and conclusions, although there
were considerable variations in their interpretations. While the earliest
Christians, in their efforts to establish the importance of divine reve-
lation, reacted against the intellectual methods, achievements, and
what they saw as the arrogance of the philosophers, their medieval de-
scendants became eager to absorb those methods and achievements.

Theological Modifications of Aristotle

Problems arose, however, over some of Aristotle’s ideas that con-
tradicted established Christian beliefs. Aristotle held that the universe
was eternal and uncreated, that there is no divine intervention in the
natural order, and that the soul dies with the body. Intense debates
about the relationship of Aristotle’s thought to the established beliefs
of Christianity and about what were perceived as efforts to supplant
the primacy of theology and faith by natural philosophy and reason ini-
tially led to efforts to forbid the study of Aristotle. Those efforts were
of no avail. The desire to reconcile Aristotle’s thought with the funda-
mentals of Christian belief were eventually achieved at the University
of Paris through the work of Thomas Aquinas (1225–1274). The
Church adopted Aristotle’s philosophy as its own, but suitably modi-
fied. In the second half of the thirteenth century some professors at the
university of Paris were so committed to Aristotle’s philosophy that
they insisted on teaching it exactly as Aristotle taught it, without theo-
logical modifications. In 1277 the bishop of Paris condemned as hereti-
cal over 200 propositions derived from Aristotle’s thought, including a
few propositions of Thomas Aquinas’. In addition, the doctrine of “two
truths,” that something might be true in philosophy but false in the-
ology, was severely condemned. Nevertheless, the highly respected
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work of Thomas Aquinas was officially adopted shortly afterward, and
he was canonized as a saint in the fourteenth century.

The Reformation

The challenge to Catholicism initiated in 1517 by Martin Luther
(1483–1546) in nailing his ninety-five theses to the door of a church in
Wittenberg affected not only theology and religious beliefs and practices
but also the relations between science and religion. Luther was followed
by others opposed to Catholicism, but who differed in various ways
from Luther’s positions. These efforts at a reformation of religion were
shortly followed by the Catholic Church’s Counter-Reformation, aiming
to restore Protestants to the Catholic faith, eliminate heretical beliefs,
and reform certain practices that had weakened the late medieval
Church, and led to the Reformation. A number of wars ensued, partic-
ularly in the German-speaking part of Europe, and Europe was divided
into Catholic and, chiefly in Northern Europe, a variety of Protestant
countries and regions. Since at that time each state had an official reli-
gion, individuals holding a different one, or what were considered
heretical doctrines, tended to be persecuted and even tortured or killed.
For his heretical views, Giordano Bruno was burned at the stake in
Rome, Realdo Colombo was killed in Geneva, Johannes Kepler, a
Lutheran, thought it best to leave Catholic territory for Protestant areas,
and Galileo was forced to renounce his Copernican views by the In-
quisition. Yet, in the world of learning, continuing relationships between
those of different faiths continued to serve the advancement of natural
philosophy. After leaving Denmark, Tycho Brahe, a Lutheran, had as his
new patron the Catholic Holy Roman Emperor, as did Kepler after him.
Rheticus, a Lutheran, traveled from Wittenberg to Catholic West Prus-
sia to live with Copernicus and study his astronomy. William Harvey, a
member of the Anglican Church, studied at the University of Padua in
the Catholic republic of Venice.

Luther, Calvin, and the Jesuits

Martin Luther characterized Copernicus as a fool who wished to
turn astronomy upside down, but that position was modified by the
work of his principal theologian, Philip Melanchthon (1497–1560),
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whose influence at the University of Wittenberg was important in keep-
ing Copernican ideas alive and helping to advance them. The Univer-
sity of Wittenberg was one of several universities in the German states
established to promote Lutheran theological principles and practices.
Melanchthon stressed the importance of teaching new scientific knowl-
edge, and his university reflected that aim. Rheticus, Copernicus’
disciple, and Reinhold, who calculated the first Copernican tables, had
taught at Wittenberg. Johannes Kepler learned his Copernicanism at
the University of Tübingen, another Lutheran institution.

The religious beliefs of John Calvin (1509–1564) were very in-
fluential in the Swiss lands, in parts of the German territories, in the
Spanish Netherlands, and in England. Calvin never directly addressed
the new ideas in natural philosophy; he did, however, interpret some
biblical passages that referred to natural phenomena as a means by God
to explain his divine creation in a manner intelligible to humans. Learn-
ing the true shape of the heavens came through the work of as-
tronomers, and not by a literal interpretation of biblical passages. The
literal interpretation of biblical passages would become an important
issue in debates on the relations of science and religion, as it still is
today.

The Society of Jesus, founded by Ignatius Loyola (1491–1556) in
the course of the Counter-Reformation, became heavily involved in the
promotion of the Catholic faith in various ways. A significant aspect of
those efforts was their founding of schools and universities, and teach-
ing in them as well as in others. The Collegio Romano, founded by
Loyola in Rome, early emphasized the teaching of natural philosophy
and became a model for universities later established by the Catholic
Church. Jesuits actively pursued aspects of the new natural philosophy
and constituted a core of the most knowledgeable members of the
Catholic Church who were familiar with and contributed to the new
science.

Religion, Literacy, and Science

An important effect of the Reformation was an increase in liter-
acy in the various languages of Europe. Protestants of various sects
thought it important for believers to be able to read the Bible them-
selves. That had not been possible for the great majority of the popu-
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lation who had never learned Latin, the official language of the Bible
during the Middle Ages. Luther translated the Bible into German. There
had been English versions before King James, who in the early seven-
teenth century commissioned a group of scholars to translate the Bible
from its original languages. That version, named for him, remained the
standard English version for many years. While the language of learn-
ing and of the great majority of books on natural philosophy remained
Latin, in the course of the seventeenth century books on science began
to be written in the various European languages. The knowledge of
natural philosophy was thereby spreading to a wider audience and was
no longer the province of those with a university education, where a
knowledge of Latin was still an important requirement.

Religious Responses to the New Natural Philosophy

With acceptance of the need for study of the new scientific ideas
by Catholic and Protestant leaders came a fear of those ideas as po-
tential challenges to the divine inspiration of Holy Writ. In response,
the new natural philosophy was linked by its advocates to religious
doctrines, and thereby justified, particularly where it seemed to con-
tradict traditional beliefs. The belief that the pursuit of science pro-
motes sectarian or even atheistic views was expressed from time to
time. People should be concerned less with the functions of the natu-
ral world than with the state of their souls. In response, some pointed
out that God had given humans the ability to discover hitherto un-
known details about the workings of the world. The pursuit of natu-
ral philosophy was therefore a means of bringing one closer to God.
Francis Bacon linked the new philosophy to the coming of the Mil-
lennium, a belief common in his day, through his project for the ad-
vancement of science, and thus to usher in an anticipated return to the
ideal state symbolized by the Garden of Eden.

Heliocentrism and Biblical Interpretation

The heliocentric theory of Copernicus and his followers proved
to be one of the most significant issues among perceived threats to fun-
damental religious beliefs. There are several passages in the Bible re-
ferring to a motionless Earth and a moving Sun. In the seventeenth
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century the contradiction between heliocentrism and a literal interpre-
tation of biblical passages would become a significant source of debate
on the relationship between natural philosophy and theology. For sev-
eral decades after the publication of Copernicus’ work, however, it was
not a significant issue. Copernicus was a devout Catholic and a mem-
ber of the governing body of his cathedral. His radical ideas on the
structure of the universe raised no objections from his Church, and in
1536 he was even urged by a cardinal aware of those ideas to publish
his results. There were some negative comments by a Church official
immediately after the publication of Copernicus’ masterpiece, but the
Church took no official position. Osiander’s preface, denying the phys-
ical truth of the Copernican system, may have played some role in its
failure to be seen as a challenge to biblical passages.

All natural philosophers during the Scientific Revolution saw their
efforts as exhibiting formerly hidden details of God’s creation. Johannes
Kepler’s first book, his Mysterium cosmographicum (The Cosmographic
Mystery) of 1596 opens with his assertion that his aim is to reveal the
hidden pattern in God’s creation of the universe. Inspired in part by
Plato’s vision of the creation of the universe by the deity in accord with
mathematical relationships, Kepler proposed that the reason the solar
system has only six planets, including Earth, is that God’s model was
the five perfect solids, each of which was made up of equal faces and
equal angles. Each, in a certain sequence, defines the distances sepa-
rating the six planetary orbits. Kepler also saw the division of the sys-
tem into its center, circumference, and the intervening space, as
reflecting the Trinity. God the Father is represented by the Sun, which,
while immobile, is the source of the motions of the planets.

The weakening of certain Aristotelian cosmological ideas by as-
tronomical observations, such as those of nova, and particularly
through the use of the telescope, removed some objections to the
Copernican theory. Galileo felt more confident about the theory after
additional observations, such as the phases of Venus, which indicated
that the planet revolved about the Sun. The observation of sunspots
led Galileo into a vigorous debate in 1612 with a Jesuit astronomer,
Christoph Scheiner (1573–1650), through correspondence with a third
party, over the nature of sunspots. Galileo’s ideas were published in
1613 and made clear his acceptance of the Copernican theory. This may
have resulted in increasing attention within the Catholic Church to
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theological implications of Galileo’s Copernicanism. Galileo fell out of
favor among the Jesuits and, though defended by some members of the
clergy, he was accused by others of heretical opinions and was attacked
from pulpits.

Galileo and the Church

Galileo was denounced to the Inquisition in 1615 and, to defend
himself, wrote out his opinions on the relationship between natural
philosophy and theology in a series of letters to supporters and to the
mother of his patron, Christina, Grand Duchess of Tuscany. The letters
were not published during Galileo’s lifetime, but were circulated among
his friends and acquaintances. In the letter to the Grand Duchess,
Galileo pointed out that there are passages in the Bible that clearly can-
not be taken literally, as in references to God having feet and hands,
forgetting past events, and feeling repentance. He went on to say that
we were given the abilities to perceive and to reason, and we were
thereby better able to understand God through increased knowledge of
His creation. Galileo reported that he once heard a cardinal say that the
purpose of the Bible is to teach us how to go to heaven, and not how
heaven goes. The workings of nature can be determined only on the
basis of sense experience and demonstrated conclusions. Galileo, with
prescience, warned that once heliocentrism was decisively and indis-
putably proven, its condemnation by the Church would reflect badly
on it. Theologians, ignorant of the science of astronomy, should stick
to what they know. Galileo’s letter concluded with an interpretation of
the miracle of Joshua at the battle of Jericho that attempted to show
that the halting of the Sun’s apparent motion did not contradict the
Copernican theory.

In the same year as Galileo’s letter to the Grand Duchess, Paolo
Antonio Foscarini, a friar and theologian, published a work showing
some of the implications of Galileo’s discoveries, and he asserted that
the Copernican system was not contradicted by the Bible. Foscarini
sent a copy of his book to the leading theologian of the Church, Rob-
ert Cardinal Bellarmine (1542–1621), who responded that it was ac-
ceptable to speak of the Copernican system hypothetically, but that
Scripture and the opinions of theologians should not be contradicted.
Bellarmine went on to say that if there were indisputable proof of the
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motion of the Earth, traditional opinions would have to be reconsid-
ered, but he had seen no such proof and strongly doubted that there
was any. The Holy Office, the body directing the Inquisition, deter-
mined that a heliocentric system was both scientifically false and
heretical.

The pope directed Cardinal Bellarmine to instruct Galileo not to
expound the Copernican system, and Bellarmine did so in 1616;
Galileo accepted the prohibition. The Church then condemned Fos-
carini’s book as heretical and placed Copernicus’ book, On the Revolu-
tions of the Celestial Orbs, on the Index of Prohibited Books, forbidden
to be read by Catholics without special permission, until it should be
corrected. A book written by a Spanish priest in the later sixteenth cen-
tury, asserting that the Copernican theory was not contradicted by
Scripture, and Kepler’s New Astronomy were also placed on the Index.
These prohibitions had very little effect on the growing acceptance of
the Copernican theory, even in solidly Catholic countries. The restric-
tions did, however, result in Catholic natural philosophers, notably the
Jesuits, opting in their publications for the Tychonic system with its
immobile Earth and revolving Sun.

Galileo received the election of Maffeo Cardinal Barberini
(1568–1644) as Pope Urban VIII in 1623 with great pleasure. Cardinal
Barberini had been very friendly to Galileo, who dedicated his new
book on scientific method, Il saggiatore (The Assayer), published in
1623, to the pope, who praised the book highly. They met several times
the following year, and Galileo felt encouraged to believe that the
Church might ease its condemnation of the Copernican system. The
pope, however, cautioned that discussions of the merits of the helio-
centric system must remain within the bounds of the decree of 1616.
Galileo then began to write his Dialogo sopra i due massimi sistemi del
mondo Tolemaico e Copernicano (Dialogue Concerning the Two Chief
World Systems—Ptolemaic and Copernican). An official license to pub-
lish the work was received in 1631, and it was published the follow-
ing year.

Galileo’s work was written as a discussion and debate among three
individuals—a natural philosopher presenting the new ideas in as-
tronomy and mechanics, an Aristotelian, and an open-minded individ-
ual weighing the ideas being advanced. The book was an immediate
success and quickly sold out. Galileo felt he had kept within the lim-
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its imposed by the Church. The pope, however, became very angry; it
is not entirely clear why. Perhaps he felt that the simple-minded Aris-
totelian in the Dialogue was meant to represent the Church’s official po-
sition and thus mocked it, and that it was a thinly disguised
pro-Copernican work. Galileo was thereupon brought before the In-
quisition on suspicion of heresy. He was forced to deny the truth of the
Copernican theory on threats of torture and excommunication, and
aged, ill, and becoming blind, he was sentenced to house arrest for the
rest of his life. His Dialogue was placed on the Index of Prohibited
Books.

The trial of Galileo did not stem the growing interest in and ac-
ceptance of Copernicanism and its Keplerian version. A notable ex-
ception was René Descartes’ withholding from publication his book on
the Copernican system of the world. His heliocentric system, however,
was described in another, later work. Other Catholic Copernicans dis-
guised their convictions in various ways. Some substituted the revolu-
tions of the satellites of Jupiter to explain the causes of celestial motion
in order to mask their belief in the heliocentric theory. Others advanced
the geoheliocentric theory of Tycho Brahe, in which the planets circled
the Sun, which revolved about the motionless Earth at the center of
the system. It was nevertheless clear that the Aristotelo-Ptolemaic sys-
tem was no longer accepted.

A New Relationship

Traditional conceptions of natural philosophy as a handmaid to
religion were transformed in the course of the seventeenth century.
Some challenged the new scientific outlooks for promoting deism, or
even atheism, by denying the truth of Scripture. The new natural
philosophers answered by denying the validity of literal interpretations
of certain passages in the Bible, which were written to appeal to the
common understanding of ordinary people. Furthermore, the pursuit
of natural philosophy with our God-given intellectual abilities helps us
better understand the creation of what was called the “Book of Nature”
and brings us closer to God. Centuries earlier St. Augustine had said
that the function of the Bible was not to teach us about nature. Galileo,
Kepler, and others held that the Book of Nature was not designed to
prepare us for salvation. They urged that natural philosophy and the-
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ology should be seen as distinct areas with their own methods and cri-
teria, and that their practitioners should not intervene in one another’s
provinces. Descartes’ distinction between the two kinds of entities cre-
ated by God, the material and the spiritual, appeared to serve the same
purpose. Religious issues were to be avoided in the discussions and
publications of the scientific societies.

Responses to the Mechanical Philosophy

In the late Middle Ages there were two delicately balanced strands
of thought in theology concerning the nature of God. It was thought
that God would use rational means to achieve His purposes and, at the
same time, had the ability to exercise His will in any manner He chose.
Some natural philosophers during the Scientific Revolution emphasized
God’s voluntaristic nature, explaining miracles as a manifestation of it.
What we learn through observation and other empirical means are not
so by necessity and can be undone at God’s will. Others, like Descartes,
saw the laws of nature as sufficient and adequate explanations for all
events in the universe. Aspects of the the atomic theory, of Descartes’
mechanical philosophy, and of the chemical philosophy associated with
Paracelsus were disturbing to Catholic and Calvinist theologians alike.
Their theories of matter seemed to leave no active role for God in the
operations of nature. Moreover, Descartes’ description of the creation
of the universe differed from that in the Bible and, in omitting the ac-
count of the origin of original sin, challenged an important component
of true religious belief. In addition, his assertion that the universe was
governed by fixed laws of nature ordained by God, raised the question
of God’s role in the universe since the Creation. If everything in the
universe worked on the principles of mechanics, where was there room
for the role of spiritual factors? Could all miracles be explained on ra-
tional, mechanical grounds? It would appear that after the Creation,
God had nothing to do—an obviously dangerous idea.

A number of natural philosophers, concerned about the dangers
of a thoroughgoing materialism, proposed that the mechanical philos-
ophy include an active participation by God in the operations of His
natural laws. Henry More (1614–1687), a member of the faculty at
Cambridge University, proposed that the universe is filled not only with
matter but also with a “Spirit of Nature,” an incorporeal entity as the
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means by which God’s design for the operations of nature is carried
out. Isaac Newton was similarly concerned about a role for providence
in the operations of a lawlike universe. He proposed that there were
non-material “active principles” carrying out the will of God, who was
present throughout the universe, as seen in alchemical operations, op-
tical phenomena, and the cohesion and attraction of bodies.

In 1715 a debate began between Gottfried Wilhelm Leibniz and
Samuel Clarke (1675–1729), a spokesman for Isaac Newton, over the
nature of God and His relation to the laws of nature. In a series of five
letters to Caroline, Princess of Wales, Leibniz argued that Newton’s po-
sition that God is present everywhere in the universe and is actively
involved in managing it assumes that God’s work was imperfect and
required His constant intervention to correct it. Clarke’s response was
that Leibniz was imposing restrictions on God’s will and abilities.

The Creation and Age of the Earth

Biblical Chronology

There was a great deal of interest in the sixteenth century in re-
forming the Julian calendar to have it coincide with the actual length
of the year and to bring the religious events of the year in better con-
formity with the proper times of the year. Astronomical observations
were important for that purpose and were utilized in the reform of the
calendar bearing his name by Pope Gregory VIII in 1582. There was
also interest in dating events cited in the Bible and in determining the
precise age of the Earth. Investigations into biblical chronology were
undertaken by several, who estimated the ages of individuals and gen-
erations, as well as utilizing astronomical phenomena mentioned in the
Bible. Joseph Scaliger (1540–1609), in a work published in 1583, using
data from Copernican astronomical tables and events mentioned in the
Bible, and in pagan accounts, arrived at a date for the Creation of a
little more than 5,500 years before his time.

Slight variations in the exact date of Creation were advanced in
the seventeenth century. Johannes Kepler, preoccupied with biblical
chronology for several years, concluded in his Rudolphine Tables of
1627 that the proper date was 3983 b.c.e. Another biblical chronolo-
gist, who published his work the same year as Kepler, Denis Petau
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(1583–1652) came up with the same year for the Creation as Kepler
had but, with greater precision, gave the time as October 27, forty-two
seconds after 9:05 am. Isaac Newton would later amend Petau’s date by
adding five years. Kepler and others were also interested in verifying
the actual year of the birth of Jesus by analyzing astronomical refer-
ences in the Bible. Kepler came to the conclusion that Jesus was born
four or five years earlier than had been thought, a conclusion gener-
ally accepted today, unlike the dates given for the origin of the world.

After more than four decades of investigation, James Ussher
(1581–1656), Archbishop of Armagh in Ireland, utilizing the regnal
dates of rulers mentioned in the Hebrew Bible and links to non-
scriptural sources, arrived at a date for the creation of the world a few
years earlier than those of his predecessors. In his results, published in
1650 and 1654, he asserted that the Creation took place on Sunday,
October 23, 4004 b.c.e., after God had created the initial unformed
matter at about 6:00 pm on the previous day. When the Church of En-
gland accepted that date as authoritative, it was included in the King
James version of the Bible in the eighteenth century.

Geological Analyses and Biblical References

In the seventeenth century there was growing interest in the struc-
ture of the Earth and its history since the Creation. Descartes provided
an early example of efforts to apply the mechanical philosophy to the
subject. He suggested how the Earth had come to be formed from the
swirling vortex about the Sun, and that the Earth had layers, which
were formed in certain ways by the particles composing it. Subsequent
efforts at explaining features of the Earth and its history in terms of the
mechanical philosophy were expressed in a manner consistent with ref-
erences in the Bible. Several theories of the Earth paid a good deal of
attention to the biblical Deluge. One held that the layers of the Earth’s
crust were laid down after the Flood, in a sequence reflecting the spe-
cific gravities of the matter composing the layers. The Flood was also
responsible for the fossils found in the Earth’s crust. Thomas Burnet
(c. 1635–1715), in his Telluris theoria sacra (Sacred Theory of the
Earth), published in several parts from 1681 to 1702, was influential
in promoting the idea that the Earth had a physical history. He pro-
posed six stages in the history of the Earth that included references to
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the Garden of Eden, Noah’s flood, the future destruction of the Earth
by a great conflagration, and a return to Paradise with the second com-
ing of Christ. Before the Flood, the surface of the Earth was smooth
and without mountains or oceans. Afterward there were changes re-
flecting the terrestrial features with which we are familiar. At the end
of the final stage the Earth will become a bright star. Burnet was vig-
orously attacked both for violating Scripture and for neglecting to pro-
vide explanations based on mechanical philosophy.

One of Burnet’s defenders was William Whiston (1667–1752),
whose own theory, published in his New Theory of the Earth (1696),
on the creation of the Flood by the passing of a comet near the Earth,
found favor with Newton. The very great influence of Newton, after
the publication of his Principia, led some, including Whiston, to pro-
pose theories of the creation of the Earth utilizing principles of New-
tonian cosmology. Whiston’s theory was that the opening verse of
Genesis describes two distinct divine actions: the creation of the chaos
that would become the heavens, and a subsequent decision to create
the Earth. The latter was done by having a comet moving about the
Sun in an eccentric orbit become the Earth, and the chaos vanished.
Earth moved in a circular orbit about the Sun and was without poles,
seasons, or rotation. Another comet struck the Earth, making it revolve
at an angle to the plane of its orbit and bringing water up from the in-
terior of the Earth. Whiston was attacked and defended, as Burnet had
been, but his works were widely read and reprinted many times.

During this period there were also efforts to gain knowledge about
the history and future of the Earth by close observations of changes on
its surface. Edmond Halley (1656–1743) proposed that the age of the
Earth might be determined by investigations and measurements car-
ried out over many years involving silt movement in rivers and streams
and the degree to which saltiness grew in the seas and saline lakes. He
estimated the age of the Earth as somewhat more than the few thou-
sand years estimated by Archbishop Ussher and others, but he con-
tended that the Earth was certainly not eternal. Here too were
developments where discoveries or hypotheses about the natural world
were seen by some clerics to contradict passages in Scripture. Halley
was denied appointment to a university position in 1691 because of ru-
mors that he believed in the eternity of the world.
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Physico-theology

In the latter part of the seventeenth century there were efforts, 
particularly in England, to demonstrate the wisdom and beneficence of
God by the results achieved through the experimental philosophy. Many
works were written to show how the new discoveries of natural philoso-
phy were evidence of intelligent design on the part of the Creator. Such
works continued to appear after every new scientific discovery until well
into the nineteenth century and continue today, although to a lesser
degree.

Unorthodox Religious Opinions

Accusations of heresy were not limited to the Catholic part of Eu-
rope. It is doubtful that any of the natural philosophers associated with
the Scientific Revolution were atheists, although accusations of atheism
were not uncommon. The philosopher Thomas Hobbes (1588–1679)
was frequently accused of being an atheist. Influenced to some degree
by Descartes, Hobbes differed from him, and from almost everyone else,
by having God as a material entity, but in a unique manner appropriate
to His divinity. He was not persecuted for his opinion, because of the
favor of King Charles II of England. Persecution for unorthodox reli-
gious belief took different forms. Johannes Kepler, a devout Christian,
was refused Communion by the pastor of his Lutheran church, for Ke-
pler’s disagreement with what was at the time an aspect of Lutheran be-
lief, the presence of Christ everywhere in the world. Kepler was forced
to go to a neighboring town for its service. Edmond Halley, in addition
to being passed over for an academic appointment, had his ode to New-
ton in the first edition of Newton’s Principia significantly modified by
others in its second and third editions to eliminate phrases that might
be construed as representing unorthodox opinions. William Whiston,
who had been appointed by Newton as an assistant, and succeeded
Newton in his professorship of mathematics, was removed from his post
after writing several tracts raising questions about the Trinity. Newton
did not come to Whiston’s help at all, even though Newton clearly de-
nied the Trinity, a fact he kept secret his entire life.
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Boyle and the Bentley Lectures

Robert Boyle had strongly supported a number of religious activ-
ities throughout his life, such as paying for translations of the Bible,
encouraging missionary work, and writing theological treatises. He left
a sum of money in his will to provide a series of annual lectures demon-
strating that the achievements of natural philosophy tended to prove
the existence of God by showing how the nature of the natural world
in its intricacy and apparent design could only be explained by the ex-
istence of an omniscient and omnipotent Creator. The first to give a
series of Boyle lectures was Richard Bentley (1662–1742), who ex-
changed four letters with Newton to become familiar enough with his
ideas to enable him to deal with them effectively in his lectures. Bent-
ley’s lectures, entitled A Confutation of Atheism from the Origin and
Frame of the World, were given in 1692 and published the following
year. They drew heavily on Newton’s concepts of matter, his laws of
motion, and his theory of universal gravitation. Bentley’s lectures be-
came a model for arguments from design as proofs for the existence of
God in subsequent centuries.

Summary

The idea originating in the Enlightenment of a warfare between
science and religion throughout history can receive no support from
the attitudes toward religion held by natural philosophers during the
Scientific Revolution. Throughout the Early Modern period religious
beliefs were intertwined with new concepts about how the world
worked. Despite the Protestant Reformation and the Catholic Counter-
Reformation, and the wars and persecutions they gave rise to, com-
munication and collaboration between natural philosophers of
different religious persuasions continued to take place. Fears that the
new ideas threatened the truths of Revelation, chiefly by the Coperni-
can theory, led the Catholic Church to ban them as heretical and to
forbid the teaching of those ideas. Nevertheless, by the end of the sev-
enteenth century most Catholic intellectuals accepted them. Despite
his condemnation, Galileo remained an international scientific star
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throughout Europe. The mechanical philosophy, replacing traditional
ideas about how to gain knowledge, was adapted to provide a role for
God in a lawlike universe. New scientific discoveries came to be pre-
sented as evidence for the existence of a wise, omnipotent, and benef-
icent God.



The modern world has been shaped by many factors, including the
growth of science. In the wake of the Scientific Revolution, the devel-
opment of science over the past few centuries has had significant ef-
fects on economic, political, and cultural life. Scientific ideas and
practices are known to a much wider audience than was the case be-
fore the Scientific Revolution. The sciences are now learned, practiced,
and supported quite differently than they were in the seventeenth cen-
tury. Today’s scientific institutions are both similar to and different from
those that evolved during that century. Yet there can be little doubt that
the results of the employment of experimentation, mathematics, pre-
cise measurement, and new instruments had powerful effects on the
subsequent development of science and on the ways we work, live, and
think.

The Enlightenment

In the eighteenth century the movement known as the Enlight-
enment had at its core a belief that knowledge of the natural world
had progressed and would continue to do so. This progress was made
possible, it was thought, through the investigation by rational means
of various aspects of the world around us. Events not easily explained
should not be attributed to miracles, divine intervention, or magic, but
should be investigated by the use of reason and, where possible, by
close and comparative observations and experiments. Many of the
philosophes, the intellectuals of France and other countries in the sec-
ond half of the eighteenth century, saw themselves as living in an en-
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lightened age, an Age of Reason, sharply distinguished from what they
called the “dark ages” preceding the Renaissance and the scientific
achievements of natural philosophers from Copernicus to Newton.
Some intellectuals sharply questioned traditional religious opinions.
Belief in deism, in the existence of a God who does not, nor ever did,
intervene in the world was common among the philosophes. Unitaria-
nians, who denied the Trinity, created their own churches. A few
philosophers were agnostics, and a very daring few, atheists. While the
Enlightenment emerged in England, and was later centered in Paris,
its views were taken up and promoted by thinkers in other parts of
Europe.

The Age of Newton

Isaac Newton was considered a man of the Enlightenment. His
achievements were so well recognized and acknowledged by the time
of his death in 1727 that he was given a state funeral, and was laid to
rest in Westminster Abbey, the traditional burial place of Britain’s roy-
alty. Alexander Pope wrote,

Nature and Nature’s Laws lay hid in night;
God said, Let Newton be!—And all was light.

Newton’s brilliant achievements in physics, his invention of the calcu-
lus, and his experiments and discoveries in optics were seen as mod-
els for the investigation of nature and the further development of the
sciences. His achievements had been built upon those of his predeces-
sors in the Scientific Revolution, but it was the genius of Newton that
laid a foundation for the much more rapid developments and the dis-
covery of new laws in the sciences of mechanics, astronomy, electric-
ity, heat, and chemistry.

The Physical Sciences

Mathematical analysis of all sorts of theoretical problems in me-
chanics rapidly advanced, but it was in astronomy that notable ad-
vances were made in precision and the ability to predict actual
planetary and stellar positions. Entirely new discoveries in physical as-
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tronomy were made that went beyond the study of the celestial bodies
carried out in the seventeenth century. William Herschel (1738–1822),
using improved telescopes, with the assistance of his sister Caroline
Herschel (1750–1848), discovered a planet, Uranus, the existence of
which had been totally unknown before then. He also discovered that
the brightness of stars, which had been thought to depend on their dis-
tances from us, varied at similar distances, after finding stars of differ-
ent brightnesses that revolved about one another. The nature of
astronomical investigation was further enlarged by Herschel in his ef-
forts to learn the shape of the universe by mapping the distribution of
stars in our galaxy.

Electricity became the leading experimental science with the in-
vention of the Leyden jar in 1746, enabling the creation of very large
electrical charges. The discoveries of electrical attraction and repulsion,
that electricity could be conducted over significant distances by vari-
ous means, and that lightning was an electrical discharge stimulated a
great many further experiments and resulted in a substantial growth of
knowledge. By the end of the century, aspects of electrical phenomena
had begun to be quantified. The most notable example was the deter-
mination by Charles Augustin Coulomb (1736–1806) in 1785 and
1787 that the force of attraction between opposite electrical charges
and of repulsion between similar charges varies as the inverse-square
of the distance between them.

Chemistry became a wholly new science in the eighteenth cen-
tury through a series of experiments that added to the knowledge of
chemical processes gained by alchemists and physicians in earlier cen-
turies. The discovery that various chemicals, in an analogy with the
physical states of water as solid, liquid, and gaseous, could also have
different states depending on the application of heat, was an important
stage in the process. Experiments also revealed that gases of various
kinds, which we now designate as carbon dioxide, nitrogen, hydrogen,
and oxygen, were present in the atmosphere, each with unique prop-
erties. The final step in the creation of the new science of chemistry
was the discovery through experiment and measurement by Antoine-
Laurent Lavoisier (1743–1794) of the role of oxygen in combustion,
its combination with certain metals, and its capability of being removed
from metals under proper conditions. Water was shown to be a com-
pound of hydrogen and oxygen, and elements and compounds were
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distinguished in a wholly new and rational manner, providing a foun-
dation for the further development of chemistry.

The Life Sciences

Aspects of the mechanical philosophy applied to the world of liv-
ing things was coming to be seen as inadequate in the study of natu-
ral history and physiology during the eighteenth century. Natural
history included the descriptive sciences such as anatomy and botany,
as well as the classification of life forms; physiology dealt with how an-
imate beings functioned. Carl Linnaeus (1707–1778) created a classi-
fication system for plants based on the recently discovered sexuality of
plants and the details of their structures. He developed the binomial
system of classification with the use of two Latin names, the genus and
species of the organism. In the study of living things, the increased
knowledge of chemistry was vital. Botanists learned that the leaves of
plants absorb carbon dioxide and emit oxygen through sunlight falling
on them, and that the nutrition of plants can be absorbed from air and
soil. New observations on the generation, growth, and regeneration of
bodily parts in plants and animals led to questioning the adequacy of
approaches characteristic of the mechanical philosophy in such inves-
tigations. The discovery of laws and mathematical relationships in
those and similar areas would have to wait for a later time.

Creation of the Social Sciences

The successes of the physical sciences encouraged the philosophes
to believe that laws governing the behavior of individuals and social
groups could also be found, to the benefit of humankind. Economics,
with its mathematical basis, was a likely candidate, and efforts were
undertaken to determine means for the improvement of the economic
conditions of nations. The outstanding effort was Adam Smith’s Wealth
of Nations (1776). The creation of a science of political life was pur-
sued by several philosophes, including Voltaire and Montesquieu,
whose Spirit of the Laws (1748) was very influential. Investigations
were conducted into the social evolution of human beings, such as by
Jean-Jacques Rousseau in his Discourse on the Origin of Inequality
among Men (1750), although it challenged the belief that the progress
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of science had improved the moral condition of humankind. It may,
however, be seen as the beginning of anthropological inquiry through
the issues it raised. Efforts at the creation of a science of human na-
ture and psychology were also pursued. The criterion of reason that
was applied to the social world had profound political consequences.
The nature of the social order and of the class structure of society
began to be questioned. Social and political crises and ideas about a
need for new and rationally constructed governments would lead to
revolutions replacing monarchical governments and to the creation of
republics and democracies.

Popularization of Science

Knowledge of the new scientific ideas was perceived as a neces-
sary part of the culture of the upper and middle classes. Some entre-
preneurs earned a livelihood by giving public scientific lectures and
demonstrations. Books were published in a number of European lan-
guages explaining the new scientific discoveries in terms intelligible to
a lay audience. The goal of explaining all scientific knowledge, show-
ing the interrelationship of its branches, as well as discussing issues in
philosophy and social theory, was carried out in the Encyclopédie under
the editorship of Denis Diderot (1713–1784) and Jean le Rond d’Alem-
bert (1717–1783). It was published in twenty-eight large and beauti-
fully illustrated volumes from 1752 to 1772. The encyclopedia was
based on a proposal by Francis Bacon more than a century earlier and
included articles on the most advanced technologies in manufacturing,
the crafts, and trades. It reflected the scientific and social aims of the
philosophes and was seen as a foundation for the future growth of
knowledge.

The Organization and Structure of Science

Science as a Profession

A small number of natural philosophers in the seventeenth cen-
tury were employed by universities and the academies of sciences in
Europe or were paid salaries by patrons. Most natural philosophers
practiced their sciences as hobbies or activities incidental to their pri-
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mary occupations, chiefly as physicians or members of the clergy. By
the nineteenth century, scientists began to constitute a distinct profes-
sion, whose members came from various segments of society. Becom-
ing a scientist required specialized training at a university, judgment by
one’s peers, and a full-time commitment to one’s scientific work. The
term natural philosophy was replaced by science and by new names for
traditional sciences, now grown larger in scope, as well as for new sci-
ences. Philosophy became a separate and distinct discipline from sci-
ence; it continued to pursue its traditional inquiries, other than the
ways in which the natural world works. The new sciences began to find
a place in university curricula. Universities came to be thought of as
institutions, not only for passing on the learning of the past, but where
new discoveries were to be made and scientists trained.

The Fission and Fusion of Scientific Disciplines

With the growth in tempo of the progress of scientific knowledge,
traditional sciences began to split into separate and distinct sciences or
sub-sciences. Astronomy added the study of the stars, their composi-
tion and distribution, to the study of the solar system. Physics added
to mechanics the specialties of electricity, magnetism, and thermody-
namics. Chemistry, divorced from alchemy, divided into inorganic and
organic branches. The study of the Earth’s surface branched into geol-
ogy, oceanography, and the study of fossils. Investigation of the forms
and nature of living things, christened “biology” in the early nineteenth
century, came to include taxonomy, anatomy, physiology, evolution, ge-
netics, and a host of specialties involving the variety of different life
forms and their processes. At the same time branches of what had been
distinct sciences merged to become new ones, among them electro-
chemistry, thermodynamics, electrodynamics, and biochemistry. They
soon developed their own subdivisions, as did wholly new areas of in-
vestigation, undreamed of during the Scientific Revolution, such as
evolution. As the sciences grew, a similar branching and merging of dis-
ciplines took place among the societies for the exchange and advance-
ment of scientific ideas. The Royal Society of London and the Royal
Academy of Paris were models for the establishment of similar soci-
eties in Prussia, Russia, the United States, and a number of nations in
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Europe and around the world. By the nineteenth century there were
sometimes several such organizations in a single country.

Scientific Education

The continued growth of science and its increasing role as an im-
portant component of business and government led to the incorpora-
tion of science as an essential part of school curricula from elementary
grades through the university. As institutions for the training of engi-
neers were created, beginning at the end of the eighteenth century, and
as universities subsequently added engineering departments, courses in
mathematics and various sciences became a fundamental part of such
training. The degree of Doctor of Philosophy, created during the Middle
Ages, now had branches specialized in the sciences and was a require-
ment for employment as a scientist.

Scientific ideas were presented to a wider public in works in all
the European languages. Popular lectures on scientific subjects ap-
pealed to members of the nobility and the middle classes, who attended
in large numbers. By the late eighteenth century Britain’s institutions
to provide evening classes for working people to improve their job
skills and opportunities included courses in mathematics and the sci-
ences. Museums, planetariums, zoos, aquariums, botanical gardens,
and libraries were founded, sometimes originating from private collec-
tions, and were made available to the public. Scientific ideas and ref-
erences to science also began to find their way into literature during
the Scientific Revolution. The process expanded considerably in later
years, with scientific concepts expressed in poetry, novels, plays, and
science fiction.

The Support of Science

Shortly after the Scientific Revolution scientists were employed by
governments to a limited degree to assist with the granting of patents
and the improvement of navigation, exploration, and the mapping of
territories. In the course of World War I governments came to realize
that scientists and engineers were important for the realization of their
military objectives. Agencies were established and maintained after that
war, and scientific research was supported to a limited degree. World
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War II made a profound difference in governmental support for scien-
tific research. Government laboratories and research facilities were es-
tablished and agencies created to fund research and the education of
students intending to become scientists.

Two other principal locations for the conduct of scientific research
were industry and the universities. The first industrial scientific labo-
ratory was created about the middle of the nineteenth century, when it
became clear to chemical companies in Germany that chemists could
create new and marketable compounds. It was soon followed by the
establishment of scientific laboratories in a number of industries to im-
prove existing products and to create new ones. Scientists on the fac-
ulties of universities were expected to advance scientific knowledge in
their fields of expertise. Support for those activities frequently came
from industry and government.

The Ways We Live and Think

Science, Technology, and the Economy

The appearance of homo sapiens many millennia ago was accom-
panied by the ability to craft improvements in shelter, protection from
the elements, and the acquisition of food, as well as to continue to build
upon those achievements in succeeding generations. For most of his-
tory this ability bore little relationship to what became known in an-
cient Greece as natural philosophy. That situation was profoundly
altered after the Scientific Revolution. Although the Industrial Revolu-
tion in the eighteenth and early nineteenth centuries did not owe its
beginnings and early years to the growth of science, it nevertheless re-
ceived substantial impetus in the nineteenth and twentieth centuries
from developments in electricity, chemistry, and thermodynamics, the
foundations of which were laid in the development of scientific
methodology during the Scientific Revolution. The further develop-
ment of those and other sciences led to significant improvements in
technology. The steam engine was replaced by electric and gasoline en-
gines, ice and fans by refrigerators and air conditioners. The genera-
tion and transmission of electricity also brought the telegraph, the
telephone, and the various means of wireless communication so much
a part of life today. Developments in chemistry led to the creation of a
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host of new materials, increased food supplies, improved health, and
increased longevity. The ways we live, work, travel, communicate, and
entertain ourselves have been profoundly shaped by the application of
science to technology.

Government and Politics

The new and more effective weapons, along with scientific-
technical improvements in vessels and navigation, made possible the
creation of the colonial empires of the nineteenth century. Today the
former colonies aim to improve their societies by adopting the scien-
tific and science-based techniques of their former rulers. Improvements
in means of transportation and in explosives through science-based
technology have changed the character of war and made facilities for
the manufacture of weapons prime targets. The substantial expendi-
tures by governments on scientific research have become a political
issue, resulting in debates and decisions about the amounts and distri-
bution of funds among competing research entities. International sci-
entific cooperation, along with competition, common during the
Scientific Revolution, continues today.

Challenges to Ranking and Worthiness in Various
Categories

Ancient and medieval thinkers tended to attach varying degrees
of value and rank to the components of different classification systems:
people, living things, metals, the sciences. In philosophy, metaphysics
was superior to physics, which in turn was superior to mathematics.
Gold ranked higher than silver, ants were better than worms. With the
growth of the mechanical philosophy, these rankings tended to become
irrelevant. Matter was matter, no part of which was more noble than
another. This elimination of the relative values of objects did not apply
at first to humans. Despite the persistence of racial, ethnic, national,
and religious biases to this day, beginning in the late eighteenth cen-
tury scientists began to question the existence of traditional physical
and intellectual distinctions determining the relative worth and abili-
ties of different groups of human beings.
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Science and Religious Modifications

Beginning in the late seventeenth century, a medieval concept in-
tended to demonstrate the existence of God, the argument from design,
began to be applied to scientific discoveries. As one complexity after
another in the structure and organization of the world was discovered,
each was seen by some as evidence of creation by an omniscient and
omnipotent intelligence. The initial resistance by some in the early
nineteenth century to geological evidence of the great age of the Earth
faded as evidence accumulated. In the second half of that century, Dar-
winian evolution, based on the extended age of the Earth, was sharply
resisted, since one of its central features was the role of chance. Such
objections were eventually overcome through figurative and metaphor-
ical readings of certain biblical passages and through interpretations of
the evolutionary process as having been directed toward the creation
of human beings. In the course of time, as science advanced, religious
ideas could no longer be said to shape science. Scientific developments
appeared, instead, to bring with them some modifications to religious
beliefs.

Summary

The nature of science in the Early Modern period was revolu-
tionary because it broke decisively with traditional ideas and ways of
doing science that had changed only slightly since ancient times. More-
over, its revolutionary nature was characterized by its ability to increase
the tempo in the growth of knowledge and the creation of new sciences
in later times. The new principles of scientific investigation established
during the Scientific Revolution brought substantial advances in the
way we live through the application of science to existing technologies
and through the creation of new ones. The broadening of scientific
knowledge to the population at large has had important effects on the
way the operations of nature are seen, as well as on religious beliefs.



Francis Bacon (1561–1626)
A philosopher, essayist, statesman, and lawyer, Francis Bacon at-

tained the rank of Lord Chancellor, the highest legal official of the En-
glish government, but he was removed from office in 1621 for taking
bribes.

Much of his writing was concerned with the uses of knowledge
both for the promotion of national interests and for the advancement
of our knowledge of nature. Among his goals was the reform of natu-
ral philosophy by exposing the errors in thinking that held back that
advancement and promoting practices and ideas leading to new knowl-
edge. His ideas were put forward in their most advanced form in his
uncompleted and extensive collection of works, written in Latin, titled
Instauratia magna (The Great Instauration), 1620–1626.

Bacon attached a significant amount of weight to history in gen-
eral, to the collection of facts in natural history and technology, and to
experimentation. He saw the development of technology as shaping
historical change, citing the importance of the invention of printing,
gunpowder, and the compass (all of which had been invented in China)
in the development of civilization. As a firm believer in progress Bacon
heaped scorn on traditional natural philosophy. Progress in the ad-
vancement of knowledge and in improvement in the conditions of life
could best be attained by the use of rational practices and modes of or-
ganization in the pursuit of knowledge.

In his best-known and important work, Novum organum (A New
Instrument), Bacon wrote a critique of contemporaneous philosophi-
cal systems and laid out the sources of four kinds of illusions or faulty
ways of thinking. He went on to provide an example of his insistence
on the importance of collecting as many facts as possible in an analy-
sis of heat, concluding, contrary to common belief, that it was a sub-
stance, that heat arose from motion. The work also described
experiments of different kinds and how to perform experiments in the
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best possible fashion; it also distinguished some experiments as more
important than others.

In subsequent works he provided other examples of his “natural
histories,” collections of as many facts as possible about various phe-
nomena as foundations upon which natural philosophers could build
principles characteristic of those phenomena. One of these concerned
the weather. Another was a collection, written in English, of a thou-
sand experiments and observations, both ancient and modern, which
became his most popular work during the seventeenth century. His
New Atlantis was a work of fiction in which he described an organiza-
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tion that employed Baconian methods to learn new things about the
operations of nature. It was a collaborative enterprise that greatly en-
larged knowledge, thereby increasing the powers of humanity as a
whole. In later years English natural philosophers saw Bacon’s vision
as essential to their work and attempted to model the Royal Society for
the Advancement of Knowledge upon it.

Bacon was familiar with the ideas not only of the ancients but also
of the moderns. He put forward a speculative system containing ele-
ments from a number of other students of nature. For Bacon the uni-
verse was finite, geocentric, and completely filled with matter, and
therefore his view differed from those of Copernicus, Gilbert, Galileo,
and the atomists. His opinion on the various types of matter compos-
ing the heavens and the Earth was derived from the ideas of Paracelsus.

Bacon was widely read in the seventeenth century, and those of
his works written in English were translated into Latin, the language
of learning. His ideas were adopted by a wide variety of individuals
from various countries, of differing religious persuasions, and used to
support a variety of causes. In general terms his works may be seen as
promoting the ideas that natural philosophy must be based on the ac-
quisition of as many facts as possible through observation and experi-
ment, that anyone was capable of contributing to the sciences, and that
research must be organized and conducted in a planned and system-
atic manner. Bacon’s ideas were eagerly adopted in the seventeenth cen-
tury as essential components in the creation of a new natural
philosophy.

Robert Boyle (1627–1691)
A son of one of the most wealthy and influential men in Britain,

Boyle was educated both in England and on the Continent, where he
experienced a religious conversion that shaped the rest of his life. In
1655 he joined a group of natural philosophers meeting at the Uni-
versity of Oxford and hired Robert Hooke, a recent graduate of the uni-
versity, as his assistant. Some of the Oxford group moved to London
and, Boyle among them, participated in the founding in 1660 of what
would become the Royal Society for the Advancement of Knowledge.
Boyle held to the Baconian concept that the development of science led
to the improvement of the human condition. He was an important ex-
ponent and practitioner of experimentation and of new concepts about
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the nature of matter, but he remained undecided between the existence
of atoms and vacua and Descartes’ imperceptible “subtle” matter. He
also wrote extensively on theology and on the relationship between sci-
ence and religion, holding that each lent support to the other.

Much of Boyle’s experimental activity was devoted to work with
the vacuum pump built for him by Hooke. In a series of experiments
in a glass chamber from which air had been partially or almost entirely
evacuated, Boyle replicated earlier experiments by Pascal and others
with a mercury-filled tube. Others were performed with animals while
the chamber was being emptied of air. He demonstrated that in a space
devoid of air, a feather and a piece of metal fell at the same rate. Boyle
also investigated “the spring of the air,” or air pressure; although the
inverse relationship between the volume of air and its pressure was also
noted by another, this relationship became known as Boyle’s Law.

Boyle questioned the standard conceptions of chemical change in
his day, notably in his The Sceptical Chymist (1661), in which he chal-
lenged Aristotelian and Paracelsian ideas and called for greater sophis-
tication in ideas about the nature of matter and on causality. Boyle
devoted a great deal of effort to alchemical pursuits, convinced that ap-
propriate procedures could result in the transmutation of base metals
into gold.

Boyle’s religious activities were an important part of his life. He
supported translations of the Bible into languages other than English
as well as missionary work in the New World; he also provided in his
will for an endowed annual lectureship in support of Christianity.
Throughout his varied activities Boyle represented the new natural phi-
losophy in its relationship to religion, in the important role of experi-
mentation in it, and in fostering new ideas about the nature of matter
and the changes it undergoes.

Tycho Brahe (1546–1601)
Tycho Brahe was born into a family of Danish nobles and was des-

tined for a career in diplomacy, but he developed a passion for astron-
omy as a teenager and became the greatest observational astronomer
since Antiquity. He also created an influential, geocentric, but non-
Ptolemaic astronomical system. The Copernican system was unaccept-
able to him, as it was to almost all his contemporaries, since it appeared
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to violate the established principles of physics and of religious belief
and could not be verified by observation.

Brahe became convinced as a young man that traditional astron-
omy needed to be reformed, and that the key to that was the determi-
nation of much more precise positions of the stars and planets. His
wealth allowed him to begin to acquire the most precise observational
instruments capable of being produced at that time. In 1572 he ob-
served a new star, visible for many months, where none had been seen
before. The following year he published De stella nova (On the New
Star), concluding, contrary to the Aristotelian tradition of the un-
changing nature of heavens, that it was beyond the sphere of the Moon.

Recognizing that Copernicus’ De revolutionibus had a number of
features that were superior to the Ptolemaic system, Brahe was deter-
mined to create an alternative geocentric system embodying some of
the advantages of Copernicanism. His goal received substantial support
when the King of Denmark donated the island of Hven, not far from
Copenhagen, to Tycho. There the astronomer built his observatory,
named Uraniborg, where he had assistants, a laboratory, and a printing
press.

At Uraniborg, Brahe made a number of important discoveries, no-
tably concerning the Moon. He found that contrary to traditional be-
lief, the Moon does not move uniformly in its orbit, and he developed
a better lunar theory than his predecessors. His observation of the
comets of 1577 and 1585 also led him to conclude that like the super-
nova of 1572, they were beyond the sphere of the Moon. He eventually
reached the conclusion that the traditional rotating solid spheres mov-
ing the planets did not exist. The elimination of the celestial spheres
was a necessary requisite for the creation of his own planetary system.

Tycho never worked out the details of his system in a manner
comparable to the geometrical models of Ptolemy or Copernicus. In
some respects, however, although geocentric, his system accounted in
a general way for observations of the planets. About the time Brahe
proposed his model, in the 1580s, others were coming up with similar
ones. It was geoheliocentric; that is, the Sun revolved about the mo-
tionless Earth, while the planets revolved about the Sun in the same
order as in the Copernican theory. In general, heliocentric systems ac-
counted in the pre-telescopic age for the observed motions of the plan-
ets as had the Ptolemaic or Copernican systems.
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When Tycho’s patron died, the new King of Denmark revoked his
predecessor’s gift of the island of Hven, and Tycho had to leave Urani-
borg. The Holy Roman Emperor became his new patron and gave him
a castle near Prague to pursue his astronomical work. It was there
toward the end of the century that Johannes Kepler joined him as his
assistant for the remaining year and a half of Tycho’s life. Kepler
arranged to acquire Tycho’s observations and succeeded him in the em-
peror’s patronage, allowing him to achieve his radical transformation
of Copernican astronomy. Tycho’s astronomy nevertheless gained a sub-
stantial following for several years, particularly after another of his as-
sistants, Christian Severin Longomontanus, provided the geometrical
details necessary for the Tychonic system.

Nicolaus Copernicus (1473–1543)
Nicolaus Copernicus is chiefly known for his highly significant

astronomical achievement, the creation of his heliocentric theory. He
was born in Thorn (Torun) in West Prussia, a province of the king of
Poland, to a well-to-do merchant family. As a boy, upon the death of
his father, he was cared for and aided by an uncle, who subsequently
became a bishop and intended his nephew to pursue a career in the
Church. From 1491 to 1495 Copernicus attended the University of
Krakow, where he took courses in mathematics, astronomy, and as-
trology. He left without taking a degree. It is not known whether it was
his attendance there that awakened his interest in astronomy, but he
actively pursued that interest for the rest of his life. After leaving
Krakow, Copernicus attended the Universities of Bologna, where he
studied canon and civil law from 1496 to 1501. While there he assisted
the professor of astronomy and made his first known astronomical ob-
servations. During the celebrations by the Church of the new century,
Copernicus gave a lecture on astronomy in Rome. Copernicus’ uncle
arranged an appointment for him as a canon, or member of the ad-
ministrative body of a cathedral, as well as an additional benefice, pro-
viding his nephew with a comfortable lifetime income, but Copernicus
continued to pursue his interest in astronomy. From 1501 to 1503
Copernicus studied medicine at the University of Padua, and in 1503
he received a degree in canon law from the University of Ferrara.

He served for a time as an administrative assistant to his uncle,
who appears to have intended his nephew for an important ecclesias-
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An imaginative portrait from Pierre Gassendi’s N.
Copernici vita (1654).

tical and political career. Copernicus turned his back on that opportu-
nity to pursue his developing astronomical ideas. In 1509, however, he
published a Latin translation of some not very interesting Byzantine
Greek verses, which he dedicated to his uncle. By this time he was gain-
ing some reputation as an astronomer.

In 1510 Copernicus, after living with his uncle, moved to Frauen-
burg (Frombork), where he erected an observation tower, carried out
his canonical duties, proposed solutions to the debasement of the cur-
rency, and practiced medicine. He also began to develop his heliocen-
tric system, and some time before 1514 circulated an anonymous
manuscript describing an early stage of his heliocentric system. It was
later named Commentariolus (Brief Commentary). He made a number
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of observations from about 1512 to 1529 and constructed tables nec-
essary for the writing of his masterwork.

In Copernicus’ time the foundation of the science of astronomy
was based on Aristotelian and Ptolemaic hypotheses, as was much else
in the world of learning. The term hypothesis was then used to apply
to the geometric models used as means of calculating the positions of
the celestial bodies as they moved around the sky. Copernicus had mas-
tered the techniques employed by Ptolemy, but he was dissatisfied with
several aspects of Ptolemaic astronomy. Each of the planetary models
was independent of the others in the sense that a change in the pa-
rameters of one did not necessarily affect any of the others. Coperni-
cus seemed to feel that a unified system was required to explain how
various aspects of the planetary geometrical models could be seen as
flowing from such a unitary system. He then began to work over the
next few decades on the manuscript of what would become his epoch-
making De revolutionibus (On the Revolutions).

Copernicus became increasingly reluctant to publish, since evi-
dence in support of his theory required much more time and attention
than he could give to it. He feared being thought foolish for having
failed to provide adequate support for this theory. The appearance of
Georg Joachim Rheticus to study with him, and the response to Rheti-
cus’ First Account, convinced Copernicus to have his work printed,
which it was in 1547.

René Descartes (1596–1650)
René Descartes was an influential figure in the history of philos-

ophy and in shaping the mechanical philosophy of the seventeenth cen-
tury. He wrote on the nature and acquisition of knowledge and on
mathematics, the nature of matter, mechanics, cosmology, optics, and
physiology. Born in southern France to a financially comfortable
middle-class family, he attended the Jesuit college of La Flèche, where
he obtained an excellent education in mathematics and natural phi-
losophy, among other subjects taught there. As a young man he spent
some time studying law at the University of Poitiers. Although he trav-
eled to and briefly lived in various parts of Europe, Descartes spent a
good deal of his adult life in the Netherlands, which he entered hav-
ing volunteered for the army of the Prince of Nassau.
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Shortly after arriving there, he met Isaac Beeckman (1588–1637),
who was an important influence on the development of Descartes’
thought. Both were interested in mathematical relationships in me-
chanical processes. Beeckman, however, introduced Descartes to the
idea of micro-mechanical processes handled mathematically to explain
various aspects of the physical sciences. Over the next few years
Descartes devoted a good deal of thought to the most effective means
of thinking about philosophical issues. He spent much time writing,
experimenting, and corresponding with other natural philosophers.

Descartes concluded early that the goal of natural philosophy
should be the determination of clearly and unambiguously known fun-
damental principles from which the phenomena of nature could be de-
duced. In his Discourse on Method and Rules for the Direction of the Mind,
he proposed that a series of linkages between the principles thus de-
duced would enlarge our knowledge of the natural world. These in-
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sights could be obtained by proper means of thinking. He rejected this
approach later in his career, when the limitations of this method be-
came apparent to him, since he was not led to his hypotheses and ex-
planations about various aspects of natural philosophy by their
derivation from first principles. Descartes was an avid experimenter
who spent countless hours dissecting a variety of animals and experi-
ments in a number of physical sciences. He prepared several works on
the nature of the universe, light, and physiology, but he decided against
publishing them when he learned of Galileo’s condemnation in 1633.
The works were published posthumously.

Descartes published his first work, Discourse on Method, in 1637,
along with essays entitled Geometry, Dioptrics, and Meteorology. His
major work, Principles of Philosophy, was published in 1644 in Latin
and translated into French three years later. In that work he explained
his notion of a plenary universe, that is, one completely full of matter,
in which vacuums did not exist. Along with material substance, equiv-
alent to extension, the universe contained soul, an immortal and im-
material thinking substance. The absence of void spaces meant that the
space left by a moving object was immediately filled with matter mov-
ing into the space it had left. There were three types of matter for
Descartes. The Cartesian universe of indefinite extent is composed of
vortices, or whirlpools, with stars at their centers, each surrounded by
planets. Vortices are constituted of three kinds of matter particles.

In the development of his dynamics Descartes was very concerned
with developing mathematically based laws of nature. In the constant
motion that is a feature of the Cartesian universe, he was concerned to
develop laws of collision, in which each particle of matter possessed a
force dependent on its magnitude, speed, and direction. A particle, or
body, tended to persist in its motion and direction unless impeded or
altered by collision with another body.

Descartes applied his principles of mechanics to light. Light con-
sisted of a tendency to motion, or a force transmitted by the elemen-
tary kind of matter composing the vortices. Reflection was analogous
to the bounce of a tennis ball on meeting an unyielding surface. Re-
fraction was explained by the passage of the light force through a sur-
face, thereby altering the extent of the force and its direction. Color
was explained by Descartes on the analogy of a rotating tennis ball,
whose speed of rotation determined the color. Descartes seems to have
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independently discovered the sine law of refraction and made an effort
to show how it could be derived from his theory of optics.

In his explanation of magnetism Descartes began with William
Gilbert’s theory of the Earth and the planets as magnets. For Descartes,
under certain conditions the particles of the elementary matter filling
the spaces between the spherical particles become right- and left-hand
screws as they move into a vortex above or below the axes of rotation
of the planets. The particles then enter and pass through threaded chan-
nels in the planets. The same principle applied to the activities of mag-
nets and electrified bodies.

Descartes’ ideas on anatomy, physiology, and medicine were also
based on mechanistic principles. Humans were unique beings, com-
bining both mechanistically operating matter and immortal, reasoning
souls. He modified William Harvey’s theory of the circulation of the
blood and Kepler’s theory of vision. Involuntary muscle action,
Descartes held, was independent of intervention by the soul or brain,
unlike the ability of the mind to direct bodily actions.

Descartes was quite influential in promoting the belief that the se-
crets of nature could best be learned on principles analogous to those
governing mechanics. He was widely read and discussed during his life-
time and after. Newton began as a Cartesian, but his Principia of 1687
showed Cartesianism to be quite inadequate in the areas of mechanics.
In addition, work in optics, physiology, and medicine showed Carte-
sian ideas to be inadequate in those areas as well. Cartesianism had a
longer life in France than in England, however, and continued to be
actively studied and written about until well into the eighteenth cen-
tury. A number of important natural philosophers were influenced by
Cartesianism, including Christiaan Huygens and Wilhelm Leibniz.

Galileo Galilei (1564–1642)
Galileo played one of the most important roles in challenging tra-

ditional Aristotelian ideas in mechanics and astronomy, in establishing
the importance of mathematics and precise measurement for natural
philosophy, and in the creation of the Scientific Revolution. He was
born in Pisa, and as a boy he studied music with his father, an impor-
tant musical theorist; Galileo likely helped him with experiments on
tones emitted by strings of different lengths and under varying ten-
sions. Galileo studied at the University of Pisa, to which he subse-
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quently returned as an instructor in mathematics in 1589. He had by
then discovered the isochronism of the pendulum and become con-
vinced of the importance of experimentation in the development of nat-
ural philosophy.

During his three years on the faculty of the University of Pisa,
Galileo had begun to question certain traditional Aristotelian notions
regarding motion. Among them were the distinction between bodies
moving to or from the center of the Earth and in free fall. He began to
question the proposition that the speed of fall was uniform and pro-
portional to the weight of the falling body, and he hypothesized that
the speed of descent, although uniform, was proportional, instead, to
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the specific gravity of the falling body. Dropping bodies of widely dif-
fering specific gravities from heights and noting that they landed at ap-
proximately the same times necessitated the abandonment of that idea.
Additional experiments led him to conclude that the speed with which
bodies fell might be accelerating.

In 1592 Galileo was named to the faculty of the University of
Padua in the Republic of Venice. He supplemented his salary by teach-
ing students privately and selling his geometric military compass, a de-
vice he invented to be used by engineers for precise measurement.
During his early years at Padua, Galileo became persuaded of the plau-
sibility of the Copernican system, and he continued his researches on
motion. He came to the conclusion that the distances fallen were in ac-
cordance with the odd numbers beginning with one; that is, after the
second interval of time the total distance traversed equaled four equal
units of distance, and after three equal time intervals, the distance tra-
versed equaled nine equal units of distance. He also concluded that a
ball given a push on the surface of the Earth would, in the absence of
friction or collision, continue indefinitely.

In 1609 Galileo, having heard of the invention of an instrument
in the Netherlands that could make distant objects appear nearer, con-
structed his own, nine-power version, later to be named a telescope.
Realizing its advantages for maritime purposes, he donated it to the
Republic of Venice, which thereupon tripled his salary and named him
to a lifetime position to the university. A few months later he built a
twenty-power instrument and turned it to the heavens. He observed
that the Moon had mountains, that Jupiter had four moons circling it,
and that the Milky Way was composed of innumerable, hitherto un-
seen, stars, as was the entire sky. In 1610 Galileo published his Sidereus
nuncius (Sidereal Messenger) describing his observations. The little
book created a sensation and made Galileo famous throughout Europe.
He had dedicated it to the Duke of Tuscany and named Jupiter’s satel-
lites the Medicean Stars. Cosimo II de’ Medici then became Galileo’s
patron, and Galileo moved to Florence, where he resided the rest of
his life.

In 1611 Galileo discovered that the planet Venus had phases and
therefore revolved about the Sun. He also observed sunspots, further
challenging Aristotelian assumptions about the perfect nature of the
heavens. The validity of the telescopic observations did not go un-
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challenged, but the observations were shortly thereafter verified by a
number of Jesuits. Aristotelians continued to differ with Galileo’s opin-
ions, and some Jesuits became concerned with what were seen as his
Copernican inclinations, which seemed to contradict biblical truths.

Denounced to the Inquisition in 1615, Galileo responded by writ-
ing a number of letters on the relationship of natural philosophy to
theology, which were not published in his lifetime, though they were
circulated. He took the position that there was one truth, that certain
biblical passages were open to interpretation, and that natural philos-
ophy and religion should be kept separate—and positions in each to
be determined by experts in those fields. Theologians should not un-
dertake to criticize positions satisfactorily established in natural phi-
losophy. The Inquisition’s theologians, however, decided that
heliocentrism was untrue and heretical, and a moving Earth theologi-
cally erroneous. In 1616 Galileo was called before Cardinal Bellarmine,
the leading theologian of the Holy Office, who presented him with its
position. Galileo was told not to teach the Copernican theory on the
threat of being accused of heresy, to which he agreed. Copernicus’ On
the Revolutions was placed on the Index of Prohibited Books “until it
should be corrected.”

In the wake of a debate over three comets that appeared in 1616,
Galileo published his Il saggiatore (The Assayer), which he dedicated
to the recently elected pope, Urban VIII, who, as Cardinal Barberini,
had befriended Galileo. The book was a brilliant polemic on appropri-
ate methods in the study of natural philosophy, in which traditional
Scholastic methods were attacked and experimental mathematical ones
defended. It made clear distinctions between characteristics of bodies
such as weight, shapes, sizes, and motions that could be mathemati-
cally determined and those properties that were interpreted as quali-
ties such as color, smell, and taste by those who perceived them. The
work was very well received, including by the pope, and Galileo was
encouraged to complete his manuscript comparing the Ptolemaic and
Copernican systems in light of his earlier discoveries. His book, enti-
tled Dialogue Concerning the Two Chief World Systems—Ptolemaic and
Copernican, was published in 1632. It was written in Italian as con-
versations over four days among a learned natural philosopher, em-
ploying Galileo’s discoveries and arguments, an open-minded
individual, and one who employed traditional Aristotelian arguments
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in response to the Galileian ones. On the fourth “day” of the conver-
sations, arguments were presented in favor of the tides as caused by
the motions of the Earth. These were counterbalanced by the argument
of the Aristotelians in the form given by Cardinal Bellarmine in 1616
that if proof of the Earth’s motion were indeed demonstrated, inter-
pretations of biblical passages would have to be altered.

A few months after its publication the pope became angered and,
for reasons that are not entirely clear, ordered Galileo to be brought
before the Inquisition for violating the order of 1616. After several
weeks Galileo was found guilty in 1633 of strong suspicion of heresy,
forced to abjure belief in the Copernican theory, and confined to house
arrest near Florence for the remainder of his life. His Dialogue was
banned.

Galileo’s fame throughout Europe persisted, and he frequently re-
ceived visitors, two of whom remained to work with him on scientific
matters. He decided to publish the results of his work on mechanics,
and he did so in the Netherlands in 1638. His Dialogues on Two New
Sciences was devoted to his experiments and discoveries on falling bod-
ies and projectiles, the strength of materials, harmonics, and specula-
tions on the nature of matter and other unresolved problems. After his
death in 1642 a number of Galileo’s followers kept his mathematical
experimental tradition alive and made new discoveries based on ex-
perimentation.

Pierre Gassendi (1592–1655)
Gassendi was born in a small town in southern France, and he

prepared for the priesthood by studying theology and Aristotelian nat-
ural philosophy. He was a professor of philosophy at one institution
and subsequently professor of mathematics at another. He was a mem-
ber of that small group in the early seventeenth century determined to
find alternatives to traditional Aristotelian approaches to the study of
nature, and he kept fully abreast of the novel ideas of his contempo-
raries. He was instrumental in bringing the ancient atomistic theory of
Epicurus (341–270 b.c.e.) as a component of European natural phi-
losophy, where it had significant influence. Elements of Epicurean phi-
losophy, however, contradicted certain aspects of Christian theology,
and Gassendi modified some of its components to make it more palat-
able to his contemporaries.
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Epicurus had assumed multiple material, divine entities, a plu-
rality of worlds, creation of our eternal, infinite universe by chance out
of nothing, a random motion of atoms, a lack of divine intervention,
and the mortality of the human soul. These were replaced by traditional
Christian components: creation of the universe by an omniscient and
omnipotent God, who exercised providential care over its functions,
and the immateriality and immortality of souls. The world, according
to Gassendi, is composed of a finite number of atoms moving within
void space, and it provides evidence of design.

The atomic theory, along with Descartes’ theory of matter, which
denied the existence of void spaces, became essential ingredients of the
mechanical philosophy. The particulate nature of matter in both cases
was used to account for the great variety of qualities in the objects of
our world. The atom, a term taken from the Greek, meaning indivisi-
ble, in Gassendi’s version also could not be divided, but possessed
weight, size, shape, and solidity. The qualities we perceive in matter
could be explained by the arrangements and motions of the the atoms
composing them.

Gassendi investigated and wrote on all aspects of natural philos-
ophy, including the most effective methodology, astronomy, physics,
geology, meteorology, physiology, and botany. He adopted Copernican-
ism at first, but after the condemnation of Galileo in 1633, he proposed
the Tychonian geoheliocentric system, but without a great deal of con-
viction. His posthumously published Syntagma philosophicum (The Sys-
tem of Philosophy) in 1658, which contained some works unpublished
during his lifetime, continued to be of interest to natural philosophers
during the century.

William Gilbert (1544–1603)
Gilbert was a well-known physician in England who at the height

of his career was physician to Queen Elizabeth. He published one work
in his lifetime—On the Magnet, Magnetic Bodies, and on the Great Ter-
restrial Magnet (1600)—that had significant influence in subsequent
decades. Its importance lay in its use of observation and experimenta-
tion to gain new knowledge about nature, its new information about
magnetism, and its partial support of the Copernican theory. Additional
writings, published a half century after his death, revealed his accept-
ance of a full Copernicanism.
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Gilbert’s starting-point was his rejection of Aristotelian methods
and the conception of the Earth as inert and imperfect in contrast to
the perfection of the heavens. He made spherical lodestones, which he
called “little Earths” and, in a series of experiments, concluded that
they naturally rotated. Utilizing the observations of seamen made with
the compass, he concluded that the Earth was a magnet and rotated
just as his lodestones did. Gilbert was also interested in the compari-
son of lodestones with amber, which under friction exhibited what he
termed electricity. He thought that electrical and magnetic effects were
different in nature, although electrified bodies and magnets both at-
tracted particular objects to themselves.

Gilbert’s book was divided into sections dealing with various as-
pects of magnetic phenomena. Among them was the behavior of the
compass needle in pointing approximately to the North Pole. Another
dealt with vertical dip and its variation on different parts of the Earth.
He claimed to have duplicated variations from the North Pole with ter-
rellae modeled on the Earth, and he ascribed those variations to differ-
ent configurations of the surface of the Earth in different regions. This
hypothesis was useful in navigation and for confirmation of the Earth
as a magnet. Gilbert’s experimental philosophy may have been the re-
sult of his collaboration with navigators and mathematicians, which led
him to emphasize the importance of empiricism and practical applica-
tions.

William Harvey (1578–1657)
Harvey’s work on the circulation of the blood was recognized in

his lifetime as a turning-point in physiology and medicine. He also
worked and wrote on the fertilization and development of egg-laying
animals and mammals. After obtaining his B.A. at Cambridge, Harvey
enrolled in 1600 in the medical school at the University of Padua, the
leading medical school in Europe and a center for anatomical research.
Upon his return to England he joined and then held a number of of-
fices in the London College of Physicians, which was both a learned
society and a trade organization, where he lectured from time to time
on anatomical subjects. He went on to serve as a royal physician and
then as chief physician to King Charles I.

While Galen’s long-accepted teachings on anatomy were being
questioned and partially overturned in the sixteenth century, his views
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on physiological processes were still accepted. Among them was the
process by which ingested food is converted into blood by passing from
the stomach to the liver, from which it passes to the vena cava and its
branches to be absorbed by various parts of the body. Blood was con-
sidered the essential component in the functioning of living organisms,
but there was among Harvey’s contemporaries a variety of opinions on
what the heart is actually doing in the course of a heartbeat. Familiar
with the discovery of the movement of venous blood from the heart to
the lungs, where it became brighter and was returned to the heart, Har-
vey began to investigate in detail how the heart functions in moving
blood to the lungs and back to the heart and arteries.
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The common view was that in a heartbeat the heart dilates, suck-
ing blood from the vena cava into the left ventricle and absorbing air
from the lungs, ventilating the heart. By 1616, however, after experi-
ments with cold-blooded animals and dying mammals and following
demonstrations that the valves in the veins allow blood to flow only to
the heart, Harvey concluded that the heart contracts with a heartbeat,
sending blood from both its ventricles and dilating the arteries. The
heart then relaxes and is refilled with blood from the vena cava and
pulmonary veins. It was only after a few years that Harvey began to
turn his attention to the continuous sequence of heartbeats and deter-
mined that it was the same blood issuing from and returning to the
heart, since there is not enough blood in the body for the process to
continue with fresh blood each time. He thus came to the conclusion
that the blood leaves the heart through the arteries, passes around the
body in the course of about half an hour, returning to the heart through
the veins. The passage of blood from successively smaller arteries to
the veins could not yet be seen; nonetheless Harvey assumed that it
did so through invisible passages.

In his work Exercises on the Movement of the Heart and Blood in
Animals (1628) Harvey noted that in cases of severe hemorrhage, all
the blood leaves the body in half an hour. Using ligatures, he demon-
strated that the blood flows from the heart in the arteries, and that the
valves in the veins permit the blood to flow only toward the heart.

In his later work Harvey devoted his attention to problems of gen-
eration in animals. His Exercises on the Generation of Animals (1651)
challenged notions on the nature of fertilization that held it to be the
result in viviparous animals of a combination of semen and blood. Har-
vey held otherwise, citing his own observations that there is no evi-
dence of blood as a factor in fertilization, and an egg is the source of
generation in both viviparous and oviparous animals. He concluded
with the expression ex ovo omnia (all things come from an egg).

Robert Hooke (1635–1703)
One of the leading experimenters of his age, Hooke worked in a

number of areas. Shortly after his graduation from Oxford University
he was hired by Robert Boyle as an assistant in his experiments. Upon
the founding of the Royal Society in London, he was hired as its cura-
tor of experiments, charged with performing experiments for its mem-
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bers at their weekly meetings. In the 1660s he built a vacuum pump
for Boyle, and with it they performed a variety of experiments in a glass
chamber from which the air had been evacuated. Among the discover-
ies made with the pump was the inverse proportion between the vol-
ume and pressure of the air. He also gave lectures in mechanics and
geometry to the Royal Society. In 1677 Hooke was appointed secretary
of the society, becoming responsible for a short time for the publica-
tion of its journal.

He was a strong believer in and forceful promoter of the me-
chanical philosophy, holding that all effects could be explained by the
motion and configuration of the particles of which matter was com-
posed. Because of his interest in springs, increasingly used in watches,
he discovered was what is known as Hooke’s Law, that the power of a
spring is proportional to its tension. Among Hooke’s inventions was
the universal joint, the clock-driven telescope, and an iris diaphragm
for telescopes.

Hooke theorized about a number of phenomena, including optics
and gravity. He came into conflict with Isaac Newton over matters in
those two areas. Hooke’s theory about the nature of light and colors
was advanced in 1665. He held that red and blue are primary colors,
and that the other colors are dilutions of them. When refracted, light,
a series of pulses, comes in contact with another medium; colors arise
from a difference between the “orbicular” pulses of the light striking
the new medium and the pulses of the matter of the medium entered.
This theory would be challenged by Newton in his experiments with
a prism.

Hooke built microscopes and increased their ability to represent
invisible objects accurately by adding additional light through use of
an attached mirror to focus more light on them. He made numerous
microscopic observations, publishing his results in his Micrographia
(1665).

In the 1670s Hooke proposed to the Royal Society that the plan-
ets were kept in their orbits by an inertial tendency to fly off in the di-
rection of their orbital motion, counteracted by an inverse-square
centripetal movement toward the Sun. This notion subsequently came
to the attention of Newton, who was the only one at the time with the
mathematical ability to prove that assumption and to derive Kepler’s
planetary laws from them.
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After the London Fire of 1666, Hooke helped design several build-
ings, some designed entirely by himself.

He also did important work in geology, postulating that there were
changes in the relationship of land to water on the Earth. Land masses
might successively be eroding and emerging from the sea, and these
changes would account for the appearance of fossils some distance
from the sea.

Christiaan Huygens (1629–1695)
Huygens was influential in seventeenth-century natural philoso-

phy for his work on mathematics, mechanics, optics, astronomy, and
pneumatics and his invention of the pendulum clock. Educated at the
University of Leiden, he became a devotee of the mechanical philoso-
phy and was influenced by the work of Galileo and Descartes. He was
elected as the first foreign fellow of the Royal Society of London, and
he was invited by King Louis XIV of France to lead the Royal Academy
of Sciences in Paris.

In mathematics Huygens addressed questions concerning more ef-
fective ways of approximating pi; the nature of a catenary curve, which
is formed by a hanging chain, each end suspended at equal heights;
and probability. In his work on motion he held that there was no ab-
solute frame of reference, and that all motion was relative. He showed
that bodies falling along a cycloidal path fell equal distances in equal
times, and that the centrifugal force of a body in circular motion, as in
a whirling sling, is proportional to the square of its velocity and in-
versely proportional to its radius. His work on the cycloid and its
isochronism led to his invention of an improved pendulum clock in
1656; its details were published the following year and in 1673. The
clock was accurate to within a few seconds in the course of a day. He
made improvements on and observations with a number of inventions:
the pendulum clock, the vacuum pump, the microscope, and a ma-
chine for grinding lenses.

Among Huygens’ telescopic discoveries were Saturn’s largest
moon, Titan, and the recognition that what had been thought to be two
other moons of Saturn were its rings. In optics Huygens proposed that
the phenomenon of double refraction seen in some substances was
caused by light traveling in waves, with each point on a wave front the
source of successive weaker waves. The newer wave front was tangent
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to all the secondary waves. He also held that the speed of light is fi-
nite. This hypothesis was published in his Treatise on Light (1690).

Johannes Kepler (1571–1630)
Kepler attended the University of Tübingen, preparing himself to

become a Lutheran minister. Michael Maestlin (1550–1631), a profes-
sor at the university, persuaded him to accept the Copernican theory.
Because of some differences with Lutheran doctrine, Kepler was denied
a pulpit. He taught instead at a secondary school and pursued his in-
terest in astronomy and in the true structure of the universe. In an ef-
fort to unite his interests in religion, harmonics, and mathematical
astronomy, he proposed, contrary to Copernicus, that planetary orbits
should be calculated from the center of the Sun, rather than the cen-
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ter of the Earth’s orbit. Convinced on religious grounds that the uni-
verse must be spherical, he held that the Trinity was represented by the
circumference, center, and intervening space. He further proposed that
the reason for the relative distances from the Sun of the planets, as de-
termined by Copernicus, and why there were six of them, was that they
were separated by the five regular solids that were known from Antiq-
uity. Moreover, Kepler was convinced that the Sun has a physical role
in moving the planets. A force from the Sun diminishes with distance,
thus accounting for slower planetary motion at greater distance from
the Sun. This also explained the usefulness of Ptolemy’s equant—a
point not at the center of an orbit—around which the planets appear
from the Earth to move with varying speeds. Kepler published his ideas
in 1596 in his Mysterium cosmographicum (Cosmographic Mystery).
This publication initiated a correspondence with Galileo and led to the
offer of a position in Prague as assistant to Tycho Brahe, the most noted
astronomer of his time.

Although opposed to Kepler’s Copernicanism, Brahe assigned Ke-
pler to work at determining the orbit of Mars. Upon Brahe’s death in
1601 Kepler acquired the most accurate and extensive set of astro-
nomical observations made up to that time, and he succeeded Brahe as
the official astronomer of the Holy Roman Emperor.

Kepler now discovered that the planes of all the planetary orbits
passed through the Sun, confirming his belief in the physical function
of the Sun in moving the planets. Calculating from Tycho’s data for var-
ious circular orbits and employing uniform motions, Kepler was able
to improve predictions of planetary positions beyond what had been
achieved by others, but he found that there was still an error of 8' in
parts of the orbit of Mars. After successive efforts involving extensive
calculations, Kepler arrived at an elliptical orbit for Mars, with the Sun
in one of its two foci. Moreover, a line drawn from the planet to the
Sun sweeps out equal areas in equal times, representing the motion of
the planet as more rapid when near the Sun and slower when distant
from it. He then applied his discoveries about the Martian orbit to the
motions of all the planets. These conclusions, now called Kepler’s First
and Second Laws of planetary motion, were published in his Astronomia
nova (New Astronomy) of 1609. They represented a radical transfor-
mation of astronomy in their abandonment of uniform circular motion
as characteristic of the heavens and in their union of the traditional ob-
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ject of astronomy to predict planetary position with the physics of the
heavens.

How the Sun made the planets move was a continuing concern
for Kepler throughout his career. At first he proposed souls in the plan-
ets as responding to the Sun, but later said that there was a force in the
Sun, diminishing in proportion to distance, that moved the planets. He
hypothesized that the Sun rotated, was magnetic, with only one of it
poles active, and that the planets as magnets were alternately attracted
and repelled, accounting for their varying distances from the Sun.

The relationship of the distances of the planets from the Sun to
their orbital periods continued to preoccupy Kepler after writing his
Mysterium cosmographicum. In 1618 he found that the cubes of the
mean distances of all the planets were proportional to the squares of
their periods. This is now referred to as Kepler’s Third Law. This was
published in his Harmonice mundi (Harmonics of the Universe, 1619),
in which he put forward his theories about the relationship of the plan-
etary motions to musical tones. In 1627 Kepler published his
Rudolphine Tables, named in honor of his patron. They were soon ac-
cepted as the most accurate planetary tables published up to that time.

Kepler was also concerned with the science of optics. In 1604 he
published a work in which he pointed to the retina as the place where
an inverted image, refracted through the lens of the eye, was formed
and transmitted to the nerves. He also indicated that the intensity of
light diminishes as the square of its distance from the light source. After
the publication of Galileo’s discoveries with the telescope, Kepler pro-
posed a theory of lenses that explained how telescopes worked. Sub-
stituting a convex lens for Galileo’s concave eyepiece made possible
improvements in the telescope. This suggestion was published in Ke-
pler’s Dioptrice (1611).

Very few astronomers accepted Kepler’s astronomical ideas during
his lifetime. Among the objections to it were his Copernicanism, resis-
tance to his elimination of the traditional circles, the difficulty of ap-
plying his Second Law, which required complex approximations, and
his insistence that physical explanations were part of the astronomer’s
tasks. The successes of his tables in predicting celestial events, how-
ever, along with a growing belief in the need to account for physical
causes, persuaded most astronomers by the middle years of the seven-
teenth century of the validity of his approach. His description of plan-
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etary motions came to be accepted and was one of the foundations of
Newton’s laws of motion. Although Kepler’s quasi-magnetic forces were
rejected as the cause of planetary motion, his goal of determining the
causes of planetary motion became important in the further develop-
ment of astronomy, and other forces were proposed to account for them.

Marcello Malpighi (1628–1694)
Malpighi was an outstanding anatomist whose use of the micro-

scope and improvements in techniques of observation led to a number
of important discoveries in microscopic plant and animal structures.
He was educated and received his medical degree at the University of
Bologna. His achievements led to his election as a Fellow of the Royal
Society and to his appointment as chief physician to Pope Innocent XII.
He taught at the universities of Pisa and Bologna, and while at the lat-
ter published the results of his detailed microscopic investigations of
the lungs in 1661.

He collected autopsy reports and the anatomical investigations of
others, upon which he built his own observations. Among them were
observations of certain of the sense organs and of the eye, concluding
that Descartes’ theory of vision was wrong. His detailed observations
of the cerebral cortex, kidney, and spleen, combined with the influence
of mechanical philosophy, led him to conclude that the glands filtered
blood and produced fluids. He saw that each of the glands contained
a follicle, with blood vessels, nerves, and a duct for emission of fluids.
He found the capillaries connecting the microscopic venous and arte-
rial blood vessels, and he was thereby convinced of the validity of Har-
vey’s work. His investigations of lower animals and plants stemmed
from his belief that they would increase knowledge of the anatomy and
function of higher animals. He wrote on the anatomy of plants and on
the microscopic development of the chick in the egg. His work was im-
portant in substantiating the importance of anatomy for the develop-
ment of physiology and the practice of medicine.

Isaac Newton (1642–1727)
Isaac Newton was one of the greatest scientists who ever lived.

His achievements in mathematics, mechanics, both terrestrial and ce-
lestial, and in optics brought together the achievements in the physi-
cal sciences of the previous several decades and were the capstone of
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the Scientific Revolution. His work had a lasting impact on the progress
of scientific knowledge and played a significant role in the nature and
practice of subsequent science.

Newton was born in a small town in England into a prosper-
ous farming family. He had a difficult childhood, was raised by his 
grandparents, and left home for school at the age of twelve. In 1661 he
entered the University of Cambridge, where he encountered the tradi-
tional scholastic curriculum. He became enamored of mathematics,
however, and began to study on his own, mastering a great deal dur-
ing his student years.

By the time he had completed his undergraduate studies, New-
ton, investigating tangents to a curve, thought of them as produced by
moving points and of areas under curves as produced by moving lines.
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He saw patterns for finding tangents and inverse ones for finding areas,
which he called the method of fluxions, a version of the calculus. By
1665 he had developed the binomial expansion, a major step toward
finding areas under curves, which we call integration. By 1666 he had
defined his method in systematic fashion, but he showed it to no one.
This delay in publication later led to bitter arguments over priority with
Leibniz, who had independently developed a somewhat more effective
method for calculus.

During his undergraduate years Newton also familiarized himself
with the works of Descartes, Gassendi, Boyle, and others, and he ab-
sorbed the ideas behind the mechanical philosophy. These ideas stim-
ulated his interest in the study of impact, gravity, circular motion, and
optics. He discovered that the center of mass of two bodies in impact
either does not move or moves uniformly in a straight line. In circular
motion he found the formula for the centrifugal force generated. His
experiments with pendulums led him to determine the acceleration of
gravity. Applying this discovery to the centrifugal tendency of bodies
on the surface of the Earth, he found it to be minuscule compared to
the force of gravity, thus answering one of the physical objections to a
rotating Earth. He likewise compared the centrifugal force of the Moon
in its orbit with the force of gravity and found the gravitational accel-
eration as approximately an inverse-square ratio.

Newton’s investigations into light and colors likewise revealed
hitherto unknown results, which challenged received opinions. The
views of his contemporaries were that light is white by nature and mod-
ified into colors in the course of reflection and refraction. As a me-
chanical philosopher Newton held that light was corpuscular in nature,
and its particles, depending on circumstances, of different colors. He
therefore thought that light was a mixture of colors, making it appear
white. He experimented in a dark room with a narrow beam of white
light refracted through a prism and projected onto a distant wall. The
round beam was dispersed into an elongated spectrum of colors from
red to violet, each refracted at different angles. A second prism inserted
in the paths of the various colored rays showed no further dispersion
in color. A lens held in the path of the spectrum bringing it to a focus
returned the original refracted beam to white light.

In an effort to perfect telescopes, Newton addressed the problem
of chromatic aberration in telescopic images produced by telescopic
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lenses. He built a reflecting telescope with a parabolic mirror, which
was hailed by the Royal Society, which elected him as a member. In
1672 he published the results of his experiments with the prism in the
Philosophical Transactions of the Royal Society. This publication engen-
dered a number of disputes with Robert Hooke and some clerics in Bel-
gium that upset Newton considerably. He had little to do with the
society for several years until publication of his masterwork, the Princ-
ipia. He continued to pursue his work in optics, however, directing his
attention to the colors in thin transparent films. He measured the al-
ternating light and dark rings in the space between certain lenses and
a sheet of glass. This experiment showed that colors could emerge from
reflection as well as refraction and that light had periodic characteris-
tics.

Beginning about 1670 Newton devoted about a quarter of a cen-
tury to reading, writing, and experimenting in alchemy. He believed
that true knowledge of the nature of matter, its components and trans-
formations, had been known in antiquity and had since been lost. His
object was to learn not only about matter and its transformations but
also about its spiritual components. He was concerned, as were others,
with an aspect of mechanical philosophy that seemed to eliminate any
role for spirit in the functioning of the natural world and thus en-
couraged atheism. He thought he saw in alchemy a role for what he
and others similarly concerned called “active principles.” These would
be transformed in Newton’s later work into forces of attraction and re-
pulsion in the particles of which matter was composed.

Newton also began to pay a great deal of attention, beginning in
the 1670s, to theology and the roles of prophecy. Here too he read
widely, in Scripture and especially in the writings of the Church Fa-
thers, and became obsessed with the fourth-century controversy over
the Trinity. He became convinced of the position of Arius, that Jesus
was created as an intermediary between God and humanity, a position
somewhat like that of modern Unitarianism. Newton did not dare make
his unorthodox views known. Later in his life he had a circle of similar-
minded friends, all of whom maintained the secrecy of their beliefs
throughout their lives. Newton’s views on religion did not become pub-
licly known until the twentieth century.

In 1680, after a short correspondence with Robert Hooke about
the path of a falling body on a rotating Earth, Newton turned his at-
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tention to the nature of circular motion and addressed the question of
the force exerted on a revolving body from its center to keep it in orbit.
He coined the term centripetal force for it and concluded that the force
toward a focus of an elliptical orbit varies inversely as the square of the
distance. He then put this theory aside until a visit in 1685 by Edmond
Halley raised the question for him once more. Newton became fasci-
nated by the problem and sent a short manuscript on the problem to
Halley. He then concentrated for the next two and a half years on elab-
orating issues he had raised in that manuscript. The result was the pub-
lication in 1687 of his Philosophiae naturalis principia mathematica
(Mathematical Principles of Natural Philosophy). Addressing issues in
dynamics, Newton put forward his First Law as the principle of iner-
tia. His Second Law stated the proportionality between the change of
motion produced by a force, which included the concept that a change
of direction is the same as the acceleration of a moving body. In deal-
ing with planetary motion Newton clarified his concept of centripetal
motion, and in his Third Law he stated in dynamic terms that in im-
pact the motions of two bodies are equal and opposite. Newton’s three
laws of motion demonstrated how the achievements of Galileo and Ke-
pler in mechanics and astronomy flowed from them as necessary con-
sequences.

Devoting attention to the attractions of two bodies upon one an-
other, and then the attractions of three bodies upon one another, New-
ton showed how the force of attraction depended on the mass of the
attracting body, varied inversely with distance, and could account for
perturbations in planetary motion, an improved lunar theory, and the
tides. He also showed that Descartes’ theory of vortices in a material
medium could not obey Kepler’s laws of planetary motion, and that
therefore the planets moved through empty space.

The publication of the Principia immediately raised Newton to the
forefront of the Engish scientific community. On the Continent there
was resistance to the notion of attraction as contrary to the principles
of the mechanical philosophy, but Newton’s laws of motion and prin-
ciple of gravitation found almost universal acceptance during his life-
time. Its success led to his publication of slightly revised second and
third editions. He left Cambridge in 1696 to take a position in London
as Warden and then Master of the Mint, where he mercilessly prose-
cuted and punished counterfeiters and reformed the currency. His later
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life had him involved in controversies over the source of his achieve-
ments in celestial dynamics, the invention of the calculus, and theo-
logical issues.

Newton was nevertheless recognized as the leading scientist of his
day. He was elected president of the Royal Society in 1703 and held the
position until his death. His optical experiments, carried out much ear-
lier, were published in his Opticks in 1704; this work also raised a num-
ber of important unresolved issues in natural philosophy. Newton’s
funeral was a state occasion attended by the queen and by notables who
carried his casket to Westminster Abbey, where he was buried.

Paracelsus (c. 1493–1541)
Theophrastus Philippus Aureolus Bombastus von Hohenheim,

later known as Paracelsus, was a verbose and rough-tongued physician
who attacked prevailing medical theory and practice. He proposed new
remedies and treatments based on his own physiological theories and
concepts of disease. He challenged the Galenic theory that the body
contained four humors—blood, black bile, yellow bile, and phlegm—
each with its particular qualities; that when the humors were in bal-
ance, the body was healthy; that disease resulted from their imbalance.
Instead, Paracelsus held that the substances composing the body func-
tions had spiritual components that needed to be freed to do their work
while the toxic natures of the substances in which they were embed-
ded had to be overcome.

These spiritual forces were chiefly of three kinds, reducible to Salt,
Sulfur, and Mercury, and expressed themselves as chemical properties.
Physiological processes, Paracelsus held, were governed by alchemist-
like archei, which, when they failed in their duties, resulted in disease.
Paracelsus subscribed to the notion of macrocosm-microcosm rela-
tionships—that humans reflected the universe as a whole, so that
human functions corresponded to operations in the natural world, in-
cluding the heavens. Examples included relationships between the Sun,
the Moon, and the five known planets and seven principal bodily or-
gans as well as seven metals. The duty of the physician was to provide
medicines that corresponded in their natures to the spiritual charac-
teristics of the malfunctioning bodily organs and thereby overcome the
debilitating effects of the disease. The role of chemistry was very im-
portant for Paracelsus, and he employed chemical medicines never be-
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fore used. Some of the medicines were composed of minerals with pow-
erful effects, some even poisonous.

Paracelsus’ medical philosophy was closely integrated with his re-
ligious beliefs, which included the divine nature of the body’s spiritual
essences, an interpretation of the Creation in terms of chemistry. In
the course of his lifetime and for decades after, Paracelsus’ teachings
came under severe criticism on religious and medical grounds. In the
course of the seventeenth century, however, his influence grew. His ap-
proach to prescriptions became quite influential, and a number of
chemical medicines were adopted, elaborated, and included in stan-
dard pharmacopoeias.

Andreas Vesalius (1514–1564)
Vesalius is chiefly known for his De humani corporis fabrica (On

the Structure of the Human Body), published in 1543. He was born in
Brussels, the son of an apothecary to the Holy Roman Emperor, and
obtained his M.D. degree from the University of Padua in 1537. He was
immediately signed on as a guest lecturer in anatomy at Padua. The
following year, with the aid of an artist who was working at the studio
of Titian, he published an anatomical text with six plates. The teach-
ing of anatomy in medical schools, as it had evolved during the Middle
Ages, had the professor reading from a classical text, usually Galen,
while assistants did the dissection and pointed out the appropriate
parts. Cadavers for such exercises were difficult to obtain, and medical
students witnessed such dissections infrequently.

Vesalius was fortunate, however, in that a judge, impressed by his
work, saw to it that the corpses of a number of executed criminals were
made available to him. A number of anatomists, in accord with the tem-
per of the time, had began to do their own dissecting. Vesalius, who,
early on, had been reduced to stealing cadavers of freshly executed
people from the gallows at night, or exhuming buried bodies, was able
to go further than others. He began to learn that a number of anatom-
ical details differed from those described in Galen. Among the errors
he found were that the jawbone was not composed of two bones, but
one. Further, the septum dividing the right and left parts of the heart
was not open to the passage of blood from its right to left ventricles,
nor did a network believed by Galen to lie beneath the brain exist. A
consequence of these latter two discoveries was the raising of impor-
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tant questions about Galenic physiology. Vesalius’ position, however,
was that he was merely correcting Galen’s errors, which had arisen from
Galen’s extrapolations from animal anatomy rather than from dissec-
tions of humans.

Recognizing the importance of his discoveries, Vesalius decided
to publish a new kind of anatomical textbook that covered the entire
human body, based chiefly on his own discoveries. It was magnificently
illustrated by artists from Titian’s studio with woodblocks, the creation
of which were closely supervised by Vesalius himself, as was its print-
ing. This rather large volume was unusual for its time, as it showed
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various organs in series of plates, as though successive layers of the
body had been peeled away. Every illustration was accompanied by de-
tailed comments, and they represented about 400 changes from the de-
scriptions provided in the works of Galen. The book was immediately
recognized as a classic. Because its cost was prohibitive for most med-
ical students, Vesalius published shortly afterward a condensed version,
the Epitome of the Fabrica, which was widely used.

Among Vesalius’ principles was that because of the variations in
organ structure in different persons, a proper science of anatomy re-
quired examination of the same structures in several different bodies.
He expressed the hope that others would, from their own dissections,
correct his where necessary and continue where he had left off. Shortly
after the publication of his masterpiece Vesalius left the university and
became a physician to the Holy Roman Emperor. In 1555 he published
a second edition of de fabrica, correcting some of the mistakes in the
first. He intended to return to academic life upon his return from a visit
in 1564 to the Holy Land, but he died after a stormy voyage on the
way home. His work had a powerful influence on subsequent anatom-
ical discoveries, notably at Padua, and helped lay the foundation for
very significant developments in physiology.





Traditional Natural Philosophy

Aristotelianism

Document 1
Aristotle on the Nature of the Universe, Matter, Motion, and Life

The teachings of Aristotle embraced a wide range of subjects in a
systematic and detailed manner and provided the foundation for
much of natural philosophy for two millennia. His ideas were im-
portant in later Antiquity in the work of Galen, the most influen-
tial writer on anatomy, physiology, and medicine, and Claudius
Ptolemy, the leading astronomer of the ancient world. When dis-
covered by Muslims in the eighth century, Aristotle’s works were
adopted as the basis for natural philosophy in the world of Islam
and translated into Arabic. Shortly after the foundation of univer-
sities in Western Europe in the twelfth and thirteenth centuries,
Aristotelian texts, as well as Arabic commentaries on them, were
translated into Latin and modified in accord with Christian doc-
trine, chiefly by St. Thomas Aquinas in the thirteenth century. Uni-
versity curricula were to a great extent based on Aristotle’s
teachings, and most natural philosophers during the Scientific Rev-
olution had been schooled in them. By the end of the seventeenth
century, however, most of Aristotle’s ideas expressed in Document
1 had been overthrown or considerably modified.

The following passages are from three of Aristotle’s works:
On the Heavens, Physics, and On the Soul. The first describes the
universe as a whole and the principles governing it. Physics deals
with changes occurring in the world around us and the meaning
of causality. The nature of living things as distinguished from mat-
ter in general is described in On the Soul.

For Aristotle the universe is finite and spherical; it is com-
pletely filled with five kinds of matter: four in the region from the
center of the universe to the Moon, and one from the Moon to the
edge of the universe. The Moon, the Sun, and each of the planets
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revolve with uniform motions about the motionless earth. In the
region of the earth, its four elements, each with their individual
properties, are constantly in motion. Those properties, the nature
of motion, and Aristotle’s concept of the quadruple nature of
causality are described in Document 1.

The “soul,” as used by Aristotle, is the essence and charac-
teristics of living things as distinguished from ordinary matter or
substance in general. All living things exhibit the ability to grow;
plants have only that ability. Animals have in addition the capa-
bility of movement, which is shared by humans. The latter, how-
ever, are the only living beings possessing the ability to think.
Aristotle’s ideas on the nature of living things began to be modi-
fied in the course of the Scientific Revolution, but not nearly as
much as his concepts of the physical world.

All natural bodies and magnitudes we hold to be, as such, capable of
locomotion; for nature, we say, is their principle of movement. But all
movement that is in place, all locomotion, as we term it, is either
straight or circular or a combination of these two, which are the only
simple movements. And the reason of this is that these two, the straight
and the circular line, are the only simple magnitudes. Now revolution
about the center is circular motion, while the upward and downward
movements are in a straight line, ‘upward’ meaning motion away from
the center, and ‘downward’ motion towards it. All simple motion, then,
must be motion either away from or towards or about the centre.

There is no infinite body beyond the heaven. Nor again is there
anything of limited extent beyond it. And so beyond the heaven there
is no body at all.

[T]he natural movement of the earth, part and whole alike, is to the
centre of the whole—whence the fact that it is now actually situated
at the centre—but it might be questioned, since both centres are the
same, which centre is it that portions of the earth and other heavy
things move to. Is this their goal because it is the centre of the earth
or because it is the centre of the whole? For fire and other light things
move to the extremity of the area which contains the centre. It hap-
pens, however, that the centre of the earth and of the whole is the same.
Thus they do move to the centre of the earth, but accidentally, in virtue
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of the fact that the earth’s centre lies at the centre of the whole. That
the centre of the earth is the goal of their movement is indicated by
the fact that heavy bodies moving toward the earth do not move par-
allel but so as to make equal angles, and thus to a single centre, that
of the earth. It is clear, then, that the earth must be at the centre and
immovable, not only for the reasons already given, but also because
heavy bodies forcibly thrown quite straight upward return to the point
from which they started, even if they are thrown to an infinite distance.
From these considerations then it is clear that the earth does not move
and does not lie elswhere than at the centre.

In accordance with general conviction we may distinguish the ab-
solutely heavy, as that which sinks to the bottom of all things, from the
absolutely light, which that which rises to the surface of all things. . . .
It is apparent that fire, in whatever quantity, so long as there is no ex-
ternal obstacle, moves upward, and earth downward; and, if the quan-
tity is increased, the movement is the same, though swifter. But the
heaviness and lightness of bodies which combine these qualities is
different from this, since while they rise to the surface of some bodies,
they sink to the bottom of others. Such are air and water. Neither of
them is absolutely light or heavy. Both are lighter than earth—for any
portion of either rises to the surface of it—but heavier than fire, since
a portion of either, whatever its quantity, sinks to the bottom of fire;
compared together, however, the one has absolute weight, the other ab-
solute lightness, since air in any quantity rises to the surface of water,
while water in any quantity sinks to the bottom of air. Now other bod-
ies are severally light and heavy, and evidently in them the attributes
are due to the difference of their uncompounded parts; that is to say,
according as the one or other happens to preponderate the bodies will
be heavy and light respectively.

The body, then, which moves in a circle cannot possibly possess either
heaviness or lightness. For neither naturally nor unnaturally can it
move either towards or away from the centre.

Since everything that is in motion must be moved by something,
let us take the case in which a thing is in locomotion and is moved by
something that is itself in motion, and that again is moved by some-
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thing else that is in motion, and that by something else, and so on con-
tinually: then the series cannot go on to infinity, but there must be some
first movement.

If people say the void must exist, as being necessary if there is to
be movement, what rather turns out to be the case, if one studies the
matter, is the opposite, that not a single thing can be moved if there is
a void; for as with those who for a like reason say the earth is at rest,
so, too, in the void things must be at rest; for there is no place to which
things can move more or less than to another; since the void in as far
as it is void admits no difference.

We see the same weight or body moving faster than another for
two reasons, either because there is a difference in what it moves
through, as between water, air, and earth, or because, other things being
equal, the moving body differs from the other owing to excess of weight
or of lightness.

Now there is no ratio in which the void is exceeded by body, as
there is no ration of 0 to a number. For if 4 exceeds 3 by 1, and 2 by
more than 1, and 1 by still more than it exceeds 2, still there is no ratio
by which it exceeds 0; for that which exceeds must be divisible into
the excess + that which is exceeded, so that 4 will be what it exceeds
0 by + 0. For this reason, too, a line does not exceed a point—unless
it is composed of points! Similarly the void can bear no ratio to the
full, and therefore neither can movement through the one to movement
through the other, but if a thing moves through the thickest medium
such and such a distance in such and such a time, it moves through
the void with a speed beyond any ratio.

To sum the matter up, the cause of this result is obvious, viz. that
between any two movements there is a ratio (for they occupy time, and
there is a ratio between any two times, so long as both are finite), but
there is no ratio of void to full.

Knowledge is the object of our inquiry, and men do not think they
know a thing till they have grasped the “why” of it (which is to grasp
its primary cause). . . .
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In one sense. then, (1) that out of which a thing comes to be and
which persists, is called ‘cause’, e. g. the bronze of the statue, the sil-
ver of the bowl, and the genera of which the bronze and the silver are
species.

In another sense (2) the form or the archetype, i. e. the statement
of the essence, and its genera, are called ‘causes’ (e. g. of the octave the
relation of 2:1, and generally number), and the parts in the definition.

Again (3) the primary source of the change or coming to rest; e.
g. the man who gave advice is a cause, the father is cause of the child,
and generally what makes of what is made and what causes change of
what is changed.

Again (4) in the sense of end or ‘that for the sake of which’ a thing
is done, e. g. health is the cause of walking about. (‘Why is he walk-
ing about?’ we say. ‘to be healthy’, and having said that, we think we
have assigned the cause.)

[W]hat has soul in it differs from what has not in that the former dis-
plays life. . . .
[P]lants are observed to possess in themselves an originative power
through which they increase or decrease in all spatial directions; they
grow up and down, and everything that grows increases its bulk alike
in both directions or indeed in all, and continues to live so long as it
can absorb nutriment.

This power of self-nutrition can be isolated from the other pow-
ers mentioned, but not they from it—in mortal things at least. The fact
is obvious in plants; for it is the only psychic power they possess.

This is the originative power the possession of which leads us to
speak of things as living at all, but it is the possession of sensation that
leads us for the first time to speak of living things as animals. . . .

The primary form of sense is touch, which belongs to all ani-
mals. . . . [S]oul is the source of these phenomena and is characterized
by them, viz by the powers of self-nutrition, sensation, thinking and
motivity. . . .

Of the psychic powers above enumerated some kinds of living
things . . . possess all, some less than all, others one only. Those we
have mentioned are the nutritive, the appetitive, the sensory, the loco-
motive, and the power of thinking.
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Source: The Works of Aristotle Translated into English under the Editorship of J. A.
Smith and W. D. Ross (Oxford: Clarendon Press, 1922); vol. 2, On the Heavens,
translated by J. L. Stocks, 269–271, 274, 311–312; Physics, translated by R. P.
Hardie and R. K. Gaye, 195, 214–216, 241–242; vol. 3, On the Soul, translated
by J. A. Smith, 413–414.

The Transformation of Cosmology and Astronomy

The distinction, and to a degree contradictions, between the phys-
ical nature of the universe as described by Aristotle and the observed
motions of the celestial bodies and the geometrical techniques employed
to predict their positions had long been noted. It was only with the
achievement of Copernicus that a few of the issues involved began to
be addressed. In the early part of the seventeenth century Aristotelian
and theological objections to Copernicanism began to be strongly chal-
lenged, chiefly by Kepler and Galileo; the former by his revision of the
nature of planetary orbital paths, the latter by his discoveries with the
telescope. Kepler’s insistence that physical forces must be united with
precise observations and Galileo’s discoveries about moving bodies also
played important roles in the removal of Aristotelian objections to the
Copernican theory. Newton’s mechanics most effectively incorporated
these earlier efforts, and the nature of astronomy and conceptions of our
universe were forever changed. The foundations had been laid for the
successive and continuous development of our astronomical knowledge.

Copernicus on the Nature of and Reasons for His
Astronomical Theory

Document 2
Preface to On the Revolutions of the Celestial Spheres

Copernicus began to develop his heliocentric theory some time
early in the sixteenth century, and he continued to polish it over
the next few decades. When his disciple Georg Joachim Rheticus,
as well as others who had seen his manuscript, urged Copernicus
to publish his work, he agreed despite his fears of ridicule. The
work was initially seen through the press in Nuremberg by Rheti-
cus, and subsequently by Andreas Osiander, a Lutheran minister,
who deleted Copernicus’ introduction and inserted one of his
own, indicating that the work was for the calculation of planetary
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positions alone and should not be taken to represent reality. That
this was contrary to Copernicus’ own beliefs is clear from his ad-
dress to the pope. This passage represents his reasons for adopt-
ing a theory that strongly contradicted not only the traditional and
at the time widely accepted geocentric models of Ptolemy, but well-
established principles of physics, celestial observations, and con-
cepts of the nature of astronomy as well.

Copernicus justifies his bold step, as was common during the
Renaissance, by referring to positions taken in Antiquity. Appeal-
ing to the advantages of his system, however, Copernicus noted
that it was capable of answering questions that the Ptolemaic mod-
els could not, for it dispensed with an objectionable technique
used by Ptolemy and, above all, represented a unified system, un-
like the Ptolemaic geocentric models that considered as a whole
(to use a modern analogy) appeared like a Frankenstein monster.
Note as well the ways in which Copernicus, while rejecting cer-
tain aspects of Aristotelianism, retained others. Moreover, an im-
provement in the ability to predict accurately the positions of
celestial bodies, the primary function of the science of astronomy,
was not listed among the advantages of his system.

To His Holiness, Pope Paul III, Nicolaus Copernicus’ Preface to His Books
on the Revolutions I can readily imagine, Holy Father, that as soon as
some people hear that in this volume, which I have written about the
revolutions of the spheres of the universe, I ascribe certain motions to
the terrestrial globe, they will shout that I must be immediately repu-
diated together with this belief. For I am not so enamored of my own
opinions that I disregard what others may think of them. I am aware
that a philosopher’s ideas are not subject to the judgement of ordinary
persons, because it is his endeavor to seek the truth in all things, to
the extent permitted to human reason by God. . . . I was impelled to
consider a different system of deducing the motions of the universe’s
spheres for no other reason than the realization that [mathematicians]
do not agree among themselves in their investigations of this sub-
ject. . . . [T]hose who devised the eccentrics seem thereby in large mea-
sure to have solved the problem of the apparent motions with
appropriate calculations. But meanwhile they introduced a good many
ideas which apparently contradict the first principles of uniform mo-
tion. Nor could they elicit or deduce from the eccentrics the principal
consideration, that is, the structure of the universe and the [sure] sym-
metry of its parts. On the contrary, [with them it is just as though some-
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one were to join together hands, feet, a head, and other members from
different places, each part well drawn, but not proportioned to one and
the same body, and not in the least matching each other, so that from
these (fragments) a monster rather than a man would be put together].
Hence in the process of demonstration or “method,” as it is called,
those who employed eccentrics are found either to have omitted some-
thing essential or to have admitted something extraneous and wholly
irrelevant. . . . For this reason I undertook the task of rereading the
works of all the philosophers which I could obtain to learn whether
anyone had ever proposed other motions of the universe’s spheres than
those expounded by the teachers of [mathematical arts] in the schools.
And in fact first I found in Cicero that Hicetas supposed the earth to
move. Later I also discovered in Plutarch that certain others were of
this opinion. . . .

Therefore, having obtained the opportunity from these sources, I
too began to consider the mobility of the earth. And even though the
idea seemed absurd, nevertheless I knew that others before me had
been granted the freedom to imagine any circles whatever for the pur-
pose of explaining the heavenly phenomena. Hence I thought that I too
would be readily permitted to ascertain whether explanations sounder
than those of my predecessors could be found for the revolution of the
celestial spheres on the assumption of some motion of the earth.

Having thus assumed the motions which I ascribe to the earth
later on in the volume, by long and intense study I finally found that
if the motions of the other planets [are brought into a relation with
the circular course of the earth, and are reckoned for the revolution of
each planet, not only do their phenomena follow therefrom but also
the order and size of all the planets and spheres, and heaven itself is
so linked together that nothing can be moved from its place without
causing confusion in the remaining parts and the universe as a
whole.] . . . [T]he order of the spheres is the following, beginning with
the highest.

The first and the highest of all is the sphere of the fixed stars,
which contains itself and everything, and is therefore immovable. It is
unquestionably the place of the universe, to which the motion and po-
sition of all the other heavenly bodies are compared. Some people
think that it also shifts in some way. A different explanation of why
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this appears to be so will be adduced in my discussion of the earth’s
motion. . . .

[The sphere of the fixed stars] is followed by the first of the plan-
ets, Saturn, which completes its circuit in 30 years. After Saturn, Jupiter
accomplishes its revolution in 12 years. Then Mars revolves in 2 years.
The annual revolution takes the series’ fourth place, which contains the
earth, . . . together with the lunar sphere as an epicycle. In the fifth
place Venus returns in 9 months. Lastly, the sixth place is held by Mer-
cury, which revolves in a period of 80 days.

At rest, however, in the middle of everything is the sun. For in
this most beautiful temple, who would place this lamp in another or
better position than that from which it can light up the whole thing at
the same time? For, the sun is not inappropriately called by some
people the lantern of the universe, its mind by others, and its ruler by
still others. [Hermes] the Thrice Greatest labels it a visible god, and
Sophocles’ Electra, the all-seeing. Thus, indeed as though seated on a
royal throne, the sun governs the family of planets revolving around
it. . . .

In this arrangement, therefore, we discover a marvelous symme-
try of the universe, and an established harmonious linkage between the
motion of the spheres and their size, such as can be found in no other
way. For this permits a not inattentive student to perceive why the for-
ward and backward arcs appear greater in Jupiter than in Saturn and
smaller than in Mars, and on the other hand greater in Venus than in
Mercury. This reversal in direction appears more frequently in Saturn
than in Jupiter, and also more rarely in Mars and Venus than in Mer-
cury. Moreover, when Saturn, Jupiter, and Mars rise at sunset, they are
nearer to the earth than when they set in the evening or appear at a
later hour.

Source: Nicolaus Copernicus, On the Revolutions of the Heavenly Spheres, ed-
ited by Jerzy Dobrzycki, translated by Edward Rosen (Baltimore: Johns Hop-
kins University Press, 1978), 3–6.
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Kepler and the Creation of a New Astronomy

Document 3
The New Astronomy

Johannes Kepler, having become a Copernican during his univer-
sity days, decided early in his career that astronomy, traditionally
considered a branch of applied mathematics, must be firmly united
with the physics of the heavens. Using the data he had acquired
from Tycho Brahe’s observations, the most precise ever deter-
mined, he calculated the motions of the planets about the Sun, al-
lied to a physical theory of why the planets move as they do.
Familiar with William Gilbert’s work On the Magnet, Kepler spec-
ulated that the Sun, by its rotation, moves the planets by magnetic
means. His work on the planet Mars led him to a revolutionary
revision of traditional ideas about the nature of planetary motion.
He discovered, contrary to what Copernicus had thought, that the
planes of all the planetary orbits intersected the Sun, and that the
orbits of the planets were not circular, but elliptical, with the Sun
in one of the foci of each orbit. Nor, contrary to what the ancients
and Copernicus had thought, did the planets move with uniform
speed. He published his results in 1609 in a work entitled
Astronomia nova (A New Astronomy). The following passages from
the introduction to the work present the basic ideas of Kepler’s
discoveries.

My aim in the present work is chiefly to reform astronomical the-
ory (especially of the motion of Mars) in all three forms of hypothe-
ses, so that our computations from the tables correspond to the celestial
phenomena. Hitherto, it has not been possible to do this with sufficient
certainty. In fact, in August of 1608, Mars was a little less than four de-
grees beyond the position given by calculation from the Prutenic tables.
In August and September of 1593 this error was a little less than five
degrees, while in my new calculation the error is entirely suppressed.

Meanwhile, although I place this goal first and pursue it cheer-
fully, I also make an excursion into Aristotle’s Metaphysics, or rather, I
inquire into celestial physics and the natural causes of the motions. The
eventual result of this consideration is the formulation of very clear ar-
guments showing that only Copernicus’s opinion concerning the world
(with a few small changes) is true, that the other two are false, and so
on. . . .

Now my first step in investigating the physical causes of the mo-
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tions was to demonstrate that [the planes of] all the eccentrics inter-
sect in no other place than the very centre of the solar body (not some
nearby point), contrary to what Copernicus and Brahe thought. . . .
[I]n the fourth part of the work, . . . I demonstrate most soundly that
Mars’s eccentric is so situated that the centre of the solar body lies upon
its line of apsides, and not any nearby point, and hence, that all the
[planes of the] eccentrics intersect in the sun itself. . . . I have demon-
strated that the circle in which the earth is moved around the sun does
not have as its centre that point about which its motion is regular and
uniform. . . .

For whether it is the earth or the sun that is moved, it has cer-
tainly been demonstrated that the body is moved in a nonuniform man-
ner, that is, slowly when it is farther from the body at rest, and more
swiftly when it has approached this body.

Thus the physical difference is now immediately apparent, by way
of conjecture, it is true, but yielding nothing in certainty to conjectures
of doctors on physiology or to any other natural science. . . . That
Copernicus is better able than Brahe to deal with celestial physics is
proven in many ways. Of whom, in all fairness, most honest and grate-
ful mention is made, and recognition given, since I build this entire
structure from the bottom up upon his work, all the materials being
borrowed from him.

First, although Brahe did indeed take up those five solar theories
from the theories of the planets, bringing them down to the centres of
the eccentrics, hiding them there, and conflating them into one, he nev-
ertheless left in the world the effects produced by those theories. For
Brahe no less than for Ptolemy, besides that motion which is proper to
it, each planet is still actually moved with the sun’s motion, the two
being mixed into one, the result being a spiral. That it results from this
that there are no solid orbs, Brahe has demonstrated most firmly.
Copernicus, on the other hand, entirely removed this extrinsic motion
from the five planets, assigning its cause to a deception arising from
the circumstances of observation. Thus the motions are still multiplied
to no purpose by Brahe, as they were before by Ptolemy. . . .

For if the earth is moved, it has been demonstrated that the in-
creases and decreases of its velocity are governed by its approaching
towards and receding from the sun. And in fact the same happens with
the rest of the planets: they are urged on or held back according to the
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approach toward or recession from the sun. So far, the demonstration
is geometrical.

And now, from this very reliable demonstration, the conclusion is
drawn, using a physical conjecture, that the source of the five planets’
motion is in the sun itself. It is therefore very likely that the source of
the earth’s motion is in the same place as the source of the other five
planets’ motion, namely, in the sun as well. It is therefore likely that
the earth is moved, since a likely cause of its motion is apparent.

That, on the other hand, that the sun remains in place in the cen-
tre of the world, is most probably shown by (among other things) its
being the source of motion for at least five planets. For whether you
follow Copernicus or Brahe, the source of motion for five of the plan-
ets is in the sun, and in Copernicus, for a sixth as well, namely, the
earth. And it is more likely that the source of all motion should remain
in place rather than move. . . . Many are prevented by the motion of
heavy bodies from believing that the earth is moved by an animate mo-
tion, or better, by a magnetic one. They should ponder the following
propositions.

A mathematical point, whether or not it is in the centre of the
world, can neither effect the motion of heavy bodies not act as an ob-
ject towards which they tend. Let the physicists prove that this force
is in a point which neither is a body nor is grasped otherwise than
through mere relation. . . .

Nor are heavy bodies driven in towards the middle by the rapid
whirling of the primum mobile, as objects in whirlpools are. That mo-
tion (if we suppose it to exist) does not carry all the way down to these
lower regions. If it did, we would feel it, and would be caught up by
it along with the very earth itself. Indeed, we would be carried ahead,
and the earth would follow. All these absurdities are consequences of
our opponents’ view, and it therefore appears that the common theory
of gravity is in error.

Source: Johannes Kepler, New Astronomy, translated by William H. Donahue
(Cambridge: Cambridge University Press, 1992), 48–52, 54.



Primary Documents 177

The Role of the Telescope in Challenging the 
Aristotelian Cosmos

Document 4
Galileo on the Revelations of the Telescope

After hearing about a newly invented instrument that magnified
distant objects, Galileo made one for himself. His use of it in ex-
amining the celestial bodies had a profound effect on traditional
Aristotelian conceptions of the nature of the universe. The rapid
publication of his observations in 1610 in his Sidereus nuncius
(Starry Messenger) gave Galileo an international reputation
overnight. His naming of Jupiter’s moons after the ruling family of
Tuscany, the Medici, resulted in its Grand Duke becoming his pa-
tron. The telescope immediately transformed the nature of astron-
omy and rapidly led to significant new discoveries. Observations
made with it challenged the concepts of the perfect circularity of
the heavenly bodies and therefore of the perfection of the heavens
themselves, the size of the universe, and the notion that there was
a single center of revolution. Shortly after the publication of
Galileo’s treatise, the observed phases of Venus contradicted the
Ptolemaic theory. The subsequent discovery of sunspots led to the
idea that the Sun rotated and to the possiblility of that rotation as
the cause of planetary motion. Improvements in the design of tel-
escopes came rapidly, leading to wider fields of view, improvements
in magnification, and the insertion of micrometers, allowing an in-
creasingly substantial improvement in precision and detailed meas-
urement of celestial angles.

By oft-repeated observations . . . we have been led to the conclusion
that we certainly see the surface of the Moon to be not smooth, even,
and perfectly spherical, as the great crowd of philosophers have be-
lieved about this and other heavenly bodies, but, on the contrary, to be
uneven, rough, and crowded with depressions and bulges. And it is like
the face of the Earth itself, which is marked here and there with chains
of mountains and depths of valleys. . . . [W]hen the Moon displays her-
self to us with brilliant horns, the boundary dividing the bright from
the dark part does not form a uniformly oval line, as would happen in
a perfectly spherical solid, but is marked by an uneven, rough, and very
sinuous line. . . . For several, as it were, bright excrescences extend be-
yond the border between light and darkness into the dark part, and on
the other hand little dark parts enter into the light. Indeed, a great num-
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ber of small darkish spots, entirely separated from the dark part, are
distributed everywhere over almost the entire region already bathed by
the light of the Sun, except, at any rate, for that part affected by the
large and ancient spots. We noticed, moreover, that all these small spots
just mentioned always agree in this, that they have a dark part on the
side toward the Sun while on the side opposite the Sun they are
crowned with brighter borders like shining ridges. And we have an al-
most entirely similar sight on Earth, around sunrise, when the valleys
are not yet bathed in light but the surrounding mountains facing the
Sun are already seen shining with light. And just as the shadows of the
earthly valleys are diminished as the Sun climbs higher, so those lunar
spots lose their darkness as the luminous part grows. . . .

We will now report briefly on what has been observed by us thus
far concerning the fixed stars. And first, it is worthy of notice that when
they are observed by means of the spyglass, stars, fixed as well as wan-
dering, are seen not to be magnified in size in the same proportion in
which the other objects, and also the Moon herself, are increased. . . . The
reason for this is that when the stars are observed wih the naked eye, they
do not show themselves according to their simple, and, so to speak, naked
size, but rather surrounded by a certain brightness and crowned by twin-
kling rays especially as the night advances. Because of this they appear
much larger than if they were stripped of these extraneous rays. . . .

What was observed by us in the third place is the nature and mat-
ter of the Milky Way itself, which, with the aid of the spyglass, may be
observed so well that all the disputes that for so many generations have
vexed philosophers are destroyed by visible certainty, and we are lib-
erated from wordy arguments. For the galaxy is nothing else than a
congeries of innumerable stars distributed in clusters. To whatever re-
gion of it you direct your spyglass, and immense number of stars im-
mediately offer themselves to view, of which very many appear rather
large and very conspicuous, but the multitude of small ones is truly
unfathomable. . . .

Moreover—and what is even more remarkable—the stars that
have been called “nebulous” by every single astronomer up to this day
are swarms of small stars placed exceedingly closely together. . . .

We have briefly explained our observations thus far about the
Moon, the fixed stars, and the Milky Way. It remains for us to reveal
and make known what appears to be most important in the present
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matter: four planets never seen from the beginning of the world right
up to our day. . . .

[O]n the seventh day of January of the present year 1610, at the
first hour of the night, when I inspected the celestial constellations
through a spyglass, Jupiter presented himself. . . .

On the first of March, at 40 minutes, four stars were perceived,
all to the east. . . .

These are the observations of the four Medicean planets recently,
and for the first time, discovered by me. From them, although it is not
yet possible to calculate their periods, something worthy of notice may
at least be said. And first, since they sometimes follow and at other times
precede Jupiter by similar intervals, and are removed from him toward
the east as well as the west by only very narrow limits, and accompany
him equally in retrograde and direct motion, no one can doubt that they
complete their revolutions about him while, in the meantime, all to-
gether they complete a 12-year period about the center of the world.

Source: Galileo Galilei, Sidereus Nuncius or the Sidereal Messenger, translated
by Albert van Helden (Chicago: University of Chicago Press, 1989), 40–41,
57, 62, 64, 82–84.

The Reform of the Medical Sciences

The study of anatomy and physiology, as well as the practice of
medicine up to the sixteenth century, were, with some modifications,
heavily based on the work of the great physician of Antiquity, Galen.
Paracelsus, an alchemist and physician, strongly attacked contempora-
neous medical practice and use of medicines, as well as medical edu-
cation. His extensive publications put forward his own theories of
disease and were linked to his alchemical notions. At about the same
time Andreas Vesalius, dissatisfied with the teaching of anatomy in
medical schools, wanted to learn about the organs of the body through
his own dissections. The result of his investigations was the publica-
tion of his beautifully illustrated classic text On the Structure of the
Human Body. It initiated a sequence of anatomical discoveries by oth-
ers and led as well to new knowledge about physiological processes.
Chief among them were the discoveries by William Harvey about the
functions of the beating heart and the circulation of the blood.
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Alchemy, the Nature of Matter, and Medical Practice

Document 5
Paracelsus on Alchemy and the Nature of Illness

Paracelsus wrote a considerable number of tracts, most of which
were published only after his death by his followers, who were im-
pressed by his reputed ability to cure diseases that had been con-
sidered incurable. In Document 5, Paracelsus unites religious
themes with alchemical ones to explain both the nature of the uni-
verse and proper medical practice. He not only departs from tra-
ditional Aristotelian modes of explanation but also distinguishes
his alchemical theories from the goal of converting base metals into
gold, and he leans on the ideas expounded in the tracts attributed
to the mythical Hermes Trismegistus. Note that whereas some Aris-
totelian ideas are condemned, some on the nature of matter are re-
tained. Note, too, that illnesses are linked to chemical foundations.

He who learns nothing from [God and Nature] is like the heathen
teachers and philosophers, who follow the subtleties and crafts of their
own inventions and opinions. Such teachers are Aristotle, Hippocrates,
Avicenna, Galen, and the rest, who based all their arts simply upon
their own opinions. . . .

This it is which has moved and incited us to write a special book
concerning Alchemy, basing it not on men, but on Nature herself, and
upon those virtues and powers which God, with his own finger, has
impressed upon metals. The initiator of this impression was Mer-
curius Trismegistus. He is not without due cause called the father of
all wise men, and of all who followed this Art with love and earnest
desire.

Know then that all the seven metals are born from a threefold mat-
ter, namely, Mercury, Sulphur, and Salt, but with distinct and peculiar
colourings. In this way Hermes truly said that all the seven metals were
made and compounded of three substances, and in like manner also
tinctures and the Philosophers’ Stone. These three substances he names
Spirit, Soul, and Body. . . . Now, in order that these three distinct sub-
stances, may be rightly understood, . . . it should be known that they
signify nothing else than the three principles, Mercury, Sulphur, [and
Salt] from which all the seven metals are generated. For Mercury is the
spirit, Sulpur is the soul, and Salt is the body. The metal between the
spirit and the body, concerning which Hermes speaks, is the soul,
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which indeed is Sulphur. It unites those two contraries, the body and
the spirit, and changes them into one essence.

In the creation of the world, the first separation began with the four
elements, when the first matter of the world was one chaos. From that
chaos God built the Greater World, separated into four distince ele-
ments, Fire, Air, Water, Earth. Fire was the warm part, Air only the
cold, Water the moist, and, lastly, Earth was but the dry part of the
Greater World.

Every thing which is generated and produced of its elements is divided
into three, namely, into metal between the spirit and the body, con-
cerning which Salt, Sulphur, Mercury. Out of these a conjunction takes
place, which constitutes one body and an united essence. This does not
concern the body in its outward aspect, but only the internal nature of
the body.

Its operation is threefold. One of these is the operation of Salt.
This works by purging, cleansing, balsaming, and by other ways, and
rules over that which goes off in putrefaction. The second is the oper-
ation of Sulphur. Now, sulphur either governs the excess which arises
from the two others, or it is dissolved. The third is of Mercury, and it
removes that which changes into consumption. Learn the form which
is peculiar to these three. One is liquor, and this is the form of mer-
cury; one is oiliness, which is the form of sulphur; one is alkali, and
this is from salt. Mercury is without sulphur and salt; sulphur is de-
void of salt and mercury; salt is without mercury or sulphur. In this
manner each persists in its own potency.

With regard to the generation of Gold, the true opinion is that it
is Suphur sublimated to the highest degree by Nature, and purged from
all dregs, blackness, and filth whatever, so transparent and lustrous . . .
as no other of the metals can be, with a higher and more exalted body.
Sulphur, one of the three primals, is the first matter of gold. If Al-
chemists could find and obtain this Sulphur, . . . it would certainly be
the cause of effusive joy on their part. This is the Sulphur of the Philoso-
phers, from which gold is produced, not from that other Sulphur from
which come iron, copper, etc. . . . Moreover, Mercury, separated to the
highest degree, according to metallic nature, and free from all earthly
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and accidental admixture, is changed into a mercurial body with con-
summate clearness. This is the Mercury of the Philosophers which gen-
erates gold, and is the second part of the primal matter. The third part
of the primal matter of gold, . . . is salt, crystallized to the highest de-
gree, and . . . highly separated and purified. . . . The physician should
understand the three genera of all diseases as follows. One genus is of
salt, one of sulphur, and one of mercury. Every relaxing disease is gen-
erated from salt, as dysentery, diarrhoea, lienteria, etc. Every expulsion
is caused by salt, which remains in its place, whether in a healthy or
suffering subject. The salt in the one case is, however, that of Nature,
while in the other it is corrupted and dissolved. Cure must be accom-
plished by means of the same salts from which the disease had origin,
even as fresh salt will rectify and purify dissolved salt. The sulphure-
ous cure follows as a certain confirmation of the operation in salt.

All diseases of the arteries, ligaments, bones, nerves, etc., arise
from mercury. In the rest of the body the substance of corporeal mer-
cury does not dominate. It prevails only in the external members. Sul-
phur softens and nourishes the internal organs, as the heart, brain,
and veins, and their diseases also may be termed sulphureous, for a
sulphureous substance is present in them. Let us take colic as an ex-
ample. Salt is the cause of this, because this predominates in the in-
testines. In its dissolved state it produces one kind of colic, and when
it is excessively hard it produces another kind; for when it passes from
its own temperature it becomes excessively humid or excessively dry.
In the cure of colic by elemented salts the human salt must be recti-
fied. But if a salt other than from sulphur be applied, you must regard
it as a submersion of salt and not a cure of colic. Similarly, in the case
of mercurial and sulphureous diseases, each must be administered to
its counterpart, not a contrary to a contrary. The cold does not sub-
due the hot, nor vice versa, in congenital diseases. The cure proceeds
from the same source as the disease, and has generated the place
thereof.

Source: The Hermetic and Alchemical Writings of Paracelsus. 2 vols., translated
by Edward E. Waite (London: Elliott and Co., 1894), I, 72–73, 125, 160,
349–350; II, 317–319.
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Vesalius on the Reform of Medicine

Document 6
Introduction to the De Fabrica

Vesalius’ epic work De humani corporis fabrica (On the Structure
of the Human Body) was designed to reform the study of anatomy,
based on his own dissections of human cadavers. In the course of
those dissections he came to realize that there were a significant
number of errors in the anatomical texts of Galen that were used
in the curricula of medical schools. He felt that their correction
was an essential step in the reform of medicine. He therefore de-
cided to create an anatomical text with his own descriptions of the
body’s parts and illustrated beautifully and carefully by a trained
artist. Another thing that was unusual about the text was that the
sequence of text and illustrations followed a pattern that had
begun to emerge in the Renaissance of the disassembly of complex
structures, such as machines, to show the relationships of their
components. This was the pattern followed by Vesalius. He, as had
Copernicus about the same time, referred to certain ancient au-
thorities for validation of his concept of the need for a reform of
medicine. His work also challenged received opinion based on the
greatest authority in his field in Antiquity. Vesalius saw his work
as only a part of the need to reform the practice of his profession.
That reform must begin in the medical schools.

The practice in classes on anatomy from the late Middle Ages
to the Renaissance was, as described by Vesalius, to have the pro-
fessor, seated above the cadaver, read from Galen as someone, very
likely a butcher, cut open the body and its parts while an assistant
pointed to the body parts described. The involvement of Vesalius
in performing his own dissections to see what he could learn rep-
resented an emerging attitude about acquiring knowledge through
the activities and interventions of the natural philosopher.

In ancient times there were three medical sects, to wit, the Dogmatic,
the Empirical, and the Methodical, but the exponents of each of these
embraced the whole of the art as the means to preserve health and to
war against disease. To this end they referred all that they individually
thought necessary in their particular sects, and employed the service
of a threefold aid to health: first, a theory of diet; secondly, the whole
use of drugs; and thirdly, manual operation. This last, above the rest,
nicely proves the saying that medicine is the addition of that which is
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defective and the removal of that which is in excess; as often as we re-
sort to the art of medicine for the treatment of disease we have occa-
sion to employ it; and time and experience have taught, by the benefits
it has conferred, that it is the greatest aid to human health. . . .

But it was not at all my purpose to set one instrument of medi-
cine above the rest, since the triple art of health, as it is called, cannot
at all be disunited and wrenched asunder, but belongs in its entirety to
the same practitioner; and for the due attainment of this triple art, all
the parts of medicine have been established and prepared on an equal
footing, so that the individual parts are brought into use with a suc-
cess proportioned to the degree in which one combines the cumulative
force of all. How rarely indeed a disease occurs which does not at once
require the triple manner of treatment; that is to say, a proper diet must
be prescribed, some service must be rendered by medicine, and some
by the hand. . . .

For when, in the first place, the whole compounding of drugs was
handed over to the apothecaries, then the doctors promptly lost the
knowledge of simple medicines which is absolutely essential to them;
and they became responsible for the fact that the druggists’ shops were
filled with barbarous terms and false remedies, and also that so many
elegant compositions of the ancients were lost to us, several of which
have not yet come to light; and, finally, they prepared an endless task
for the learned men, not only of our own age, but for those who pre-
ceded it by some years, who devoted themselves with indefatigable zeal
to research in simple medicines; so much so that they may be regarded
as having gone far to restore the knowledge of them to its former bril-
liance.

But this perverse distribution of the instruments of healing among
a variety of craftsmen inflicted a much more odious shipwreck and a
far more cruel blow upon the chief branch of natural philosophy [anat-
omy], to which, since it comprises the natural history of man and
should rightly be regarded as the firm foundation of the whole art of
medicine. . . .

And equally inevitably this deplorable dismemberment of the art
of healing has introduced into our schools the detestable procedure
now in vogue, that one man should carry out the dissection of the
human body, and another give the description of the parts. These lat-
ter are perched up aloft in a pulpit like jackdaws, and with a notable
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air of disdain they drone out information about facts they have never
approached at first hand, but which they merely commit to memory
from the books of others, or of which they have descriptions before
their eyes; the former are so ignorant of languages that they are unable
to explain their dissections to the onlookers and botch what ought to
be exhibited in accordance with the instruction of the physician, who
never applies his hand to the dissection, and contemptuously steers the
ship out of the manual, as the saying goes. . . .

[A]t Louvain, where I had to return on account of the disturbance
of war, because during eighteen years the doctors there had not even
dreamed of anatomy, and in order that I might help the students of that
academy, and that I myself might acquire greater skill in a matter both
obscure and in my judgment of prime importance for the whole of med-
icine, I did somewhat more accurately than at Paris expound the whole
structure of the human body in the course of dissecting, with the re-
sult that the younger teachers of that academy now appear to spend
great and very serious study in acquiring a knowledge of the parts of
man, clearly understanding what invaluable material for philosophiz-
ing is presented to them from this knowledge.

Source: Proceedings of the Royal Society of Medicine, translated by B. Farring-
ton (25 July 1932), 1357–1366.

Harvey and the Circulation of the Blood

Document 7
Harvey on the Motions of the Heart and Blood

William Harvey’s studies at the University of Padua, the most in-
fluential medical school of his day, were important for his sem-
inal work on the movement of the blood. It was at that university
that its leading anatomist, Girolamo Fabrici (c. 1533–1619) had
discovered the valves in the veins. Their function, as described
by Fabrici, was to slow the movement of the blood toward the
body’s extremities. Although the work of Vesalius half a century
earlier, as well as the discoveries of subsequent anatomists, had
begun to question certain aspects of Galenism, traditional no-
tions about the movements of the blood through the body were
still based on Galenic ideas. Harvey began his investigations of
the motions of the blood shortly after his return to England. In
the emerging attitude with respect to observation and experi-
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ment, he felt it necessary to slow down the motions of the heart
and movement of the blood better to observe the sequence of
events in the course of a beating heart. He also thought it im-
portant to use a quantitative measure to support his conclusions.
His observations and discoveries were published in 1628 in his
Exercitatio anatomica de motu cordis et sanguinis in animalibus
(Anatomical Exercises on the Movement of the Heart and Blood
in Animals). Harvey’s conclusions became relatively rapidly
known, with the subsequent discovery of the capillaries pro-
vided the clinching argument for the circulation. They stimu-
lated advances in physiology.

In the first place, then, when the chest of a living animal is laid
open and the capsule that immediately surrounds the heart is slit up
or removed, the organ is seen now to move, now to be at rest; there is
a time when it moves, and a time when it is motionless.

These things are more obvious in the colder animals, such as
toads, frogs, serpents, small fishes, crabs, shrimps, snails, and shell-
fish. They also become more distinct in warm-blooded animals, such
as the dog and hog, if they be attentively noted when the heart begins
to flag, to move more slowly, and, as it were, to die: the movements
then become slower and rarer, the pauses longer, by which it is made
much more easy to perceive and unravel what the motions really are,
and how they are performed.

We are therefore authorized to conclude that the heart, at the mo-
ment of its action, is at once constricted on all sides, rendered thicker
in its parietes and smaller in its ventricles, and so made apt to project
or expel its charge of blood.

Hence the very opposite of the opinions commonly received ap-
pears to be true; inasmuch as it is generally believed that when the
heart strikes the breast and the pulse is felt without, the heart is di-
lated in its ventricles and is filled with blood; but the contrary of
this is the fact, and the heart, when it contracts (and the impulse of
the apex is conveyed through the chest wall), is emptied. Whence
the motion which is generally regarded as the diastole of the heart,
is in truth its systole. And in like manner the intrinsic motion of the
heart is not the diastole but the systole; neither is it in the diastole
that the heart grows firm and tense, but in the systole, for then only,
when tense, is it moved and made vigorous.
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From these and other observations of a similar nature, I am per-
suaded it will be found that the motion of the heart is as follows:

First of all, the auricle contracts, and in the course of its con-
traction forces the blood (which it contains in ample quantity as the
head of the veins, the store-house and cistern of the blood) into the
ventricle, which, being filled, the heart raises itself straightway, makes
all its fibres tense, contracts the ventricles, and performs a beat, by
which it immediately sends the blood supplied to it by the auricle into
the arteries. The right ventricle sends its charge into the lungs by the
vessel which is called vena arteriosa, but which in structure and func-
tion, and all other respects, is an artery. The left ventricle sends its
charge into the aorta, and through this by the arteries to the body at
large.

These two motions, one of the ventricles, the other of the auricles,
take place consecutively, but in such a manner that there is a kind of
harmony or rhythm preserved between them, the two concurring in such
wise that but one motion is apparent, especially in the warmer blooded
animals, in which the movements in question are rapid. Nor is this for
any other reason than it is in a piece of machinery, in which, though one
wheel gives motion to another, yet all the wheels seem to move simul-
taneously; or in that mechanical contrivance which is adapted to
firearms, where, the trigger being touched, down comes the flint, strikes
against the steel, elicits a spark, which falling among the powder, ignites
it, when the flame extends, enters the barrel, causes the explosion, pro-
pels the ball, and the mark is attained—all of which incidents, by rea-
son of the celerity with which they happen, seem to take place in the
twinkling of an eye.

Lest anyone should say that we give them words only, and make
more specious assertions without any foundation, and desire to inno-
vate without sufficient cause, three points present themselves for con-
firmation. I conceive that the truth I contend for will follow necessarily,
and appear as a thing obvious to all. First,—the blood is transmitted
by the action of the heart from the vena cava to the arteries in such
quantity that it cannot be supplied from the ingesta, by the food con-
sumed, and in such wise that the whole mass must very quickly pass
through the organ. Second,—the blood under the influence of the ar-
terial pulse and is impelled in a continuous, equable, and incessant
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stream through every part and member of the body in much larger
quantity than were sufficient for nutrition or than the whole mass of
fluids could supply. Third,—the veins in like manner return this blood
incessantly to the heart from all parts and members of the body.

These points proved, I conceive it will be manifest that the blood
circulates, revolves, propelled and returning, from the heart to the ex-
tremities, from the extremities to the heart, and thus that it performs
a kind of circular motion.

Source: The Works of William Harvey, translated by Robert Willis (Oxford:
Sydenham Society, 1847), 21, 22, 31, 32, 48.

New Methods for the Development of Natural
Philosophy

With the growth of knowledge about the natural world unknown
to ancient thinkers, some natural philosophers began to deem Aris-
totelian methods inadequate for continuing to learn more about the na-
ture of our world. In the early seventeenth century Kepler and Galileo
were among them, and their new approaches were carried out in the
practice of their sciences. Emphasis on the roles of observation, ex-
periment, and mathematics became increasingly important. Among the
most influential thinkers addressing the issues of scientific method in
the course of the seventeenth century were Francis Bacon and René
Descartes. Each approached the problem of the best ways to gain new
knowledge with different emphases.

The founding of scientific discussion groups and formal societies
with the goal of promoting the development of scientific knowledge
saw the necessity of setting rules for their activities. England having
emerged from a period of civil unrest and war, the Royal Society of
London was keenly aware of the need to keep divisive religious and
political issues from interfering with their goals and activities. Robert
Hooke, as its only paid professional, expressed some of the society’s
rules to prevent disruptive controversies in those areas. At the end of
the century William Wotton, a member of the Royal Society, summed
up the distance traveled with respect to scientific method from con-
cepts and practices of scientific method that had reigned for centuries
before the modern era.
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Francis Bacon

Document 8
On False Notions and the Importance of Experiments

Among Bacon’s voluminous works, his two-part Novum organum
(A New Instrument, 1620) was influential in urging a reconsider-
ation of the most appropriate methods in the pursuit of natural
philosophy. Book I offered a critique of traditional approaches to
methods in the study of nature. Book II proposed an important
role for observation and experiment linked to the proper use of
reason in learning new things about the natural world and thereby
providing means for the betterment of human life. A detailed
analysis, along with examples, is provided about the best means
for carrying out experiments and analyzing their results. The
points he made were influential in the establishment of the goals
of the Royal Society and other scientific societies later in the sev-
enteenth century.

XXXVII

The doctrine of those who have denied that certainty could be attained
at all has some agreement with my way of proceeding at the first set-
ting out; but they end in being infinitely separated and opposed. For
the holders of that doctrine assert simply that nothing can be known.
I also assert that not much can be known in nature by the way which
is now in use. But then they go on to destroy the authority of the senses
and understanding; whereas I proceed to devise and supply helps for
the same.

XXXVIII

The idols and false notions which are now in possession of the human
understanding, and have taken deep root therein, not only so beset
men’s minds that truth can hardly find entrance, but even after entrance
is obtained, they will again in the very instauration of the sciences meet
and trouble us, unless men being forewarned of the danger fortify
themselves as far as may be against their assaults.
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XXXIX

There are four classes of Idols which beset men’s minds. To these for
distinction’s sake I have assigned names, calling the first class Idols of
the Tribe; the second, Idols of the Cave; the third, Idols of the Market
Place; the fourth, Idols of the Theater.

XL

The formation of ideas and axioms by true induction is no doubt the
proper remedy to be applied for the keeping off and clearing away of
idols. To point them out, however, is of great use; for the doctrine of
Idols is to the interpretation of nature what the doctrine of the refuta-
tion of sophisms is to common logic.

XLI

The Idols of the Tribe have their foundation in human nature itself,
and in the tribe or race of men. For it is a false assertion that the sense
of man is the measure of things. On the contrary, all perceptions as well
as of the sense as of the mind are according to the measure of the in-
dividual and not according to the measure of the universe. And the
human understanding is like a false mirror, which, receiving rays ir-
regularly, distorts and discolors the nature of things by mingling its
own nature with it.

XLII

The Idols of the Cave are the idols of the individual man. For every-
one (besides the errors common to human nature in general) has a cave
or den of his own, which refracts and discolors the light of nature,
owing either to his own proper and peculiar nature; or to his educa-
tion and conversation with others; or to the reading of books, and the
authority of those whom he esteems and admires; or to the differences
of impressions, accordingly as they take place in a mind preoccupied
and predisposed or in a mind indifferent and settled; or the like. So
that the spirit of man (according as it is meted out to different indi-
viduals) is in fact a thing variable and full of perturbation, and gov-
erned as it were by chance. Whence it was well observed by Heraclitus
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that men look for sciences in their own lesser worlds, and not in the
greater or common world.

XLIII

There are also Idols formed by the intercourse and association of men
with each other, which I call Idols of the Market Place, on account of
the commerce and consort of men there. For it is by discourse that men
associate, and words are imposed according to the apprehension of the
vulgar. And therefore the ill and unfit choice of words wonderfully ob-
structs the understanding. Nor do the definitions or explanations
wherewith in some things learned men are wont to guard and defend
themselves, by any means set the matter right. But words plainly force
and overrule the understanding, and throw all into confusion, and lead
men away into numberless empty controversies and idle fancies.

XLIV

Lastly, there are Idols which have immigrated into men’s minds from
the various dogmas of philosophies, and also from wrong laws of
demonstration. These I call Idols of the Theater, because in my judg-
ment all the received systems are but so many stage plays, represent-
ing worlds of their own creation after an unreal and scenic fashion. Nor
is it only of the systems now in vogue, or only of the ancient sects and
philosophies, that I speak; for many more plays of the same kind may
yet be composed and in like artificial manner set forth; seeing that er-
rors the most widely different have nevertheless causes for the most
part alike. Neither again do I mean this only of entire systems, but also
of many principles and axioms in science, which by tradition, credulity,
and negligence have come to be received.

But of these several kinds of Idols I must speak more largely and
exactly, that the understanding may be duly cautioned.

XLVI

The human understanding when it has once adopted an opinion (ei-
ther as being the received opinion or as being agreeable to itself) draws
all things else to support and agree with it. And though there be a
greater number and weight of instances to be found on the other side,
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yet these it either neglects and despises, or else by some distinction
sets aside and rejects; in order that by this great and pernicious prede-
termination the authority of its former conclusions may remain invio-
late. . . . Indeed in the establishment of any true axiom, the negative
instance is the more forcible of the two.

XCV

Those who have handled sciences have been either men of experiment
or men of dogmas. The men of experiment are like the ant, they only
collect and use; the reasoners resemble spiders, who make cobwebs out
of their own substance. But the bee takes a middle course: it gathers
its material from the flowers of the garden and of the field, but trans-
forms and digests it by a power of its own. Not unlike this is the true
business of philosophy; for it neither relies solely or chiefly on the pow-
ers of the mind, nor does it take the matter which it gathers from nat-
ural history and mechanical experiments and lay it up in the memory
whole, as it finds it, but lays it up in the understanding altered and di-
gested. Therefore from a closer and purer league between these two fac-
ulties, the experimental and the rational (such as has never yet been
made), much may be hoped.

Source: Francis Bacon, Works, VIII, translated by James Spedding, Robert L.
Ellis, and Douglas D. Heath (Boston: Taggard and Thompson, 1863), 33–37,
Aphorisms, Book One, with some changes in spelling.

René Descartes

Document 9
On Right Reasoning and the Mechanical Philosophy

It was during his military service in the Netherlands that René
Descartes began to think about the best ways to acquire certain
knowledge in natural philosophy. He saw the certainty of mathe-
matical demonstration as a worthy model to replace the logical cer-
tainty associated with the use of the Aristotelian syllogism. The
manner in which mechanical devices functioned provided a use-
ful model for explanation in natural philosophy. Spiritual compo-
nents of the universe, souls, angels, and aspects of divinity were
in a separate compartment, not subject to mechanical causes.
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Descartes’ Discourse on Method, published in 1637, was very influ-
ential in promoting the mechanical philosophy.

I was delighted with Mathematics because of the certainty of its demon-
strations and the evidence of its reasoning; but I did not yet under-
stand its true use, and, believing that it was of service only in the
mechanical arts, I was astonished that, seeing how firm and solid it
was, no loftier edifice had been reared threreupon.

I shall not say anything about Philosophy, but that, seeing that it
has been cultivated for many centuries by the best minds that have ever
lived, and that nevertheless no single thing is to be found within it
which is not subject of dispute, and in consequence which is not du-
bious, I had not enough presumption to hope to fare better there than
other men had done. And also, considering how many conflicting opin-
ions there may be regarding the self-same matter, all supported by
learned people, while there can never be more than one which is true,
I esteemed as well-nigh false all that only went as far as being probable.

Then as to the other sciences, inasmuch as they derive their prin-
ciples from Philosophy, I judged that one could have built nothing solid
on foundations so far from firm.

I had in my younger days to a certain extent studied Logic; and . . . ob-
served . . . that the syllogisms and the greater part of the other teach-
ing served better in explaining to others those things that one
knows . . . than in learning what is new. . . . [I]nstead of the great num-
ber of precepts of which Logic is composed, I believed that I should
find the four which I should state quite sufficient, provided that I ad-
hered to a firm and constant resolve never on any single occasion to
fail in their observance.

The first of those was to accept nothing as true which I did not
clearly recognise to be so: that is to say, carefully to avoid precipitation
and prejudice in judgments, and to accept in them nothing more than
what was presented to my mind so clearly and distinctly that I could
have no occasion to doubt it.

The second was to divide up each of the difficulties which I ex-
amined into as many parts as possible, and as seemed requisite in order
that it might be resolved in the best manner possible.
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The third was to carry on my reflections in due order, commenc-
ing with objects that were the most simple and easy to understand, in
order to rise little and little, or by degrees, to knowledge of the most
complex, assuming an order, even if a fictitious one, among those
which do not follow a natural sequence relatively to one another.

The was in all cases to make enumerations so complete and re-
views so general that I should be certain of having omitted nothing.

[W]hat . . . is most remarkable of all, is the generation of the ani-
mal spirits, which resemble a very subtle wind, or rather a flame, which
is very pure and very vivid, and which, continually rising up in great
abundance from the heart to the brain, thence proceeds through the
nerves to the muscles, thereby giving the power of motion to all the
members. And it is not necessary to suppose any other cause to explain
how the particles of blood, which, being most agitated and most pen-
etrating, are the most proper to constitute these spirits, proceed towards
the brain, rather than elsewhere, than that the arteries which carry them
thither are those which proceed from the heart in the most direct lines.

[W]hat should be regarded as the ‘common sense’ by which these
ideas are received, and what is meant by the memory which retains
them, by the fancy which can change them in diverse ways and out of
them constitute new ideas, and which, by the same means, distribut-
ing the animal spirits through the muscles, can cause the members of
such a body to move in as many diverse ways and in a manner as suit-
able to the objects which present themselves to its senses and to its in-
ternal passions, as can happen in our own case apart from the direction
of our free will. And this will not seem strange to those, who, know-
ing how many different automata or moving machines can be made by
the industry of man, without employing in so doing more than a very
few parts in comparison with the great multitude of bones, muscles,
nerves, arteries, veins, or other parts that are found in the body of each
animal. From this aspect the body is regarded as a machine which, hav-
ing been made by the hands of God, is incomparably better arranged,
and possesses in itself movements which are much more admirable,
than any of those which can be invented by man. . . . [W]hile Reason
is a universal instrument which can serve for all contingencies, these
organs have need of some special adaptation for every particular ac-
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tion. From this it follows that it is morally impossible that there should
be sufficient diversity in any machine to allow it to act in all the events
of life in the same way as our reason causes us to act.

Source: René Descartes, Discourse on Method, translated by Elizabeth S. Hal-
dane and G.R.T. Ross (Cambridge: Cambridge University Press, 1911), I,
85–86, 91–92, 115–116.

The Nature, Outlook, and Methods of the Royal Society

Document 10
Robert Hooke

Robert Hooke, upon his graduation from Oxford University, be-
came Robert Boyle’s assistant in carrying out experiments and went
on to become the Royal Society’s official “Curator of Experiments”
upon its founding in 1662. He was required to perform experi-
ments at the regular meetings of the society and to provide occa-
sional presentations of new scientific ideas. The passage in
Document 10 represents the approach and philosophical outlook
of the society. Note the justification of its undertakings and the de-
sire to avoid conflict with political and religious opinions.

Memorandum on the Royal Society (1663)
The business and design of the Royal Society is—

To improve the knowledge of naturall things, and all useful Arts,
Manufactures, Mechanick practices, Engynes and Inventions by Ex-
periments—(not meddling with Divinity, Metaphysics, Moralls, Poli-
ticks, Grammar, Rhetorick, or Logick).

To attempt the recovering of such allowable arts and inventions
as are lost.

To examine all systems, theories, principles, hypotheses, ele-
ments, histories, and experiments of things naturall, mathematicall,
and mechanicall, invented, recorded, or practised, by any considerable
author ancient or modern. In order to the compiling of a complete sys-
tem of solid philosophy for explicating all phenomena produced by na-
ture or art, and recording a rationall account of the causes of things.
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All to advance the glory of God, the honour of the King, the Roy-
all founder of the Society, the benefit of his Kingdom, and the gener-
all good of mankind.

In the mean time this Society will not own any hypothesis, sys-
tem, or doctrine of the principles of naturall philosophy, proposed or
mentioned by any philosopher ancient or modern, nor the explication
of any phenomena whose recourse must be mad [sic] to originall causes
(as not being explicable by heat, cold, weight, figure, and the like, as
effects produced thereby); nor dogmatically define nor fix axioms of
scientificall things, but will question and canvass all opinions adopt-
ing nor adhering to none, till by mature debate and clear arguments,
chiefly such as are deduced from legitimate experiments, the truth of
such experiments be demonstrated invincibly.

And till there be a sufficient collection made of experiments, his-
tories, and observations, there are no debates to be held at the weekly
meetings of the Society, concerning any hypothesis or principal of phi-
losophy, nor any discourses made for explicating any phenomena, ex-
cept by speciall appointment of the Society or allowance of the
President. But the time of the assembly is to be employed in propos-
ing and making experiments, discoursing of the truth, manner, grounds
and use thereof, reading and discoursing upon letters, reports and other
papers concerning philosophicall and mechanicall matters, viewing and
discoursing of curiosities of nature and art, and doing such other things
as the Council or the President shall appoint.

Source: Charles Richard Weld, A History of the Royal Society, I (London, 1848),
146–148.

Appropriate Methods in Natural Philosophy as Seen at
the End of the Seventeenth Century

Document 11
Wotton on Appropriate Methods in the Pursuit of Natural

Philosophy

William Wotton (1666–1726), a Fellow of the Royal Society and a
divine, in the passage in Document 11 sums up the transforma-
tion of appropriate methods to be employed in the pursuit of nat-
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ural philosophy. Note the emphasis on the roles of experiment,
mathematics, and the mechanical philosophy.

I am now to enquire into the Comparative Excellency of Ancient
and Modern Books of Philosophy, thereby to see in which of them Na-
ture, and its Operations, are explained best. Here I shall first enquire
into the several Methods of Philosophizing; and afterwards, into the In-
trinsick Worth of the Doctrines themselves.

As for Modern Methods of Philosophizing, as compared with the
Ancient, I shall only observe the following particulars. (1.) No Argu-
ments are perceived as cogent, no Principles are allowed as current,
among the celebrated Philosophers of the present Age, but what are
themselves intelligible. . . . Matter and Motion, with their several Qual-
ities, are only considered in Modern Solutions of Physical Problems.
Substantial Forms, Occult Qualities (b), Intentional Species, Idiosyn-
crasies, Sympathies and Antipathies of Things, are exploded; not because
they are Terms used by Ancient Philosophers, but because they are only
empty Sounds. Words whereof no Man can form a certain and deter-
minate Idea, forming of Sects and Parties in Philosophy, that shall take
their Denominations from, and think themselves obliged to stand by
the Opinions of any particular Philosophers, is, in a manner, wholly
laid aside. Des Cartes is not more believed upon his own Word, than
Aristotle: Matter of Fact is the only Thing appealed to; and Systems are
little further regarded. . . . Mathematicks are joyned along with Physi-
ology, not only as Helps to Men’s understandings, and Quickners of
their Parts; but as absolutely necessary to the comprehending of the
Oeconomy of Nature, in all her works. . . . The new Philosophers, as
they are commonly called, avoid making general Conclusions, till they
have collected a great Number of Experiments or Observations upon
the Thing in hand; and, as new Light comes in the old Hypotheses, fall
without any Noise or Stir. So that the Inferences that are made from
any Enquiries into Natural Things, though perhaps set down in gen-
eral Terms, yet are (as it were by Consent) received with this Tacit Re-
serve, As far as the Experiments or Observations already made, will
warrant. How much these. . . . Things will enlarge Natural Philosophy
is easie to guess. . . . The old Philosophers seemed still to be afraid that
the common People should despise their Arts if commonly understood;
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this made them keep for the most Part to those Studies which required
few Hands and Mechanical Tools to compleat them: Which to any Man
that has a right Notion of the Extent of a natural Philosopher’s Work,
will appear absolutely necessary. Above all, the Ancients did not seem
sufficiently to understand the Connection between Mathematical Pro-
portions of Lines and Solids, in an abstracted Proposition, and in every
Part of the Creation; at least in their reasonings about the Causes of
Natural Things, they did not take any great pains to shew it. . . .
[T]here was little Correspondence between Mathematical and Physical
Sciences, and that Mankind did not believe that there was so intimate
a Relation between them as it is now generally known there is. . . .

Now as this Method of Philosophizing laid down above, is right,
so it is easie to prove that it has been carefully followed by Modern
Philosophers. My Lord Bacon was the first great Man who took much
pains to convince the World that they had hitherto been in a wrong
Path, and that Nature her self, rather than her Secretaries, was to be
addressed to by those who were desirous to know very much of her
Mind. Monsieur Des Cartes, who came soon after, did not perfectly
tread in his Steps, since he was for doing most of his Work in his Closet,
concluding too soon, before he had made Experiments enough; but
then to a vast Genius he joined exquisite Skill in Geometry, and work-
ing upon intelligible Principles in an intelligent Manner; though he
very often failed of one Part of his End, namely a right Explication of
the Phaenomena of Nature, yet by marrying Geometry and Physicks
together, he put the World in hopes of a Masculine Offspring in pro-
cess of Time, though the first Productions should prove abortive. This
was the State of Natural Philosophy, when those great Men who after
King Charles II’s Restoration joined in a Body, called by that Prince
himself, the ROYAL SOCIETY, went on with the Design; they made it
their Business to let their Members awork to collect a perfect History
of Nature, in order to establish thereupon a Body of Physicks. . . .

Had experimental Philosophy been anciently brought upon the
Stage, had Geometry been solemnly and generally applied to the Mech-
anism of Nature, and not solely made use of to instruct Men in the Art
of Reasoning, and even that too, not very generally neither, the Mod-
erns would not have had so great Reason to boast as now they have:
For these are things which come under ocular Demonstration, which
do not depend upon the Fancies of Men for their Approbation, as Or-
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atory and Poetry very often do. So that one may not only in general
say that the Ancients are out-done by the Moderns in these Matters,
but also assign most of the particulars, and determine the Proportion
wherein and how far they have been exceeded, and shew the several
Steps whereby this sort of Learning has from Age to Age received Im-
provement; which ends Disputes and falsifies the Understanding at
once.

Source: William Wotton, Reflections upon Ancient and Modern Learning (Lon-
don: Peter Buck, 1694), 229–310.

Experiment and Measurement in Natural Philosophy

Although experiments had been performed occasionally in An-
tiquity and the Middle Ages, experimentation was hardly a significant
part of Aristotelian methodology. The growth of scepticism during the
Renaissance, the growing interest in doing as as well as thinking ex-
hibited in the crafts, and the desire to see for oneself, as evidenced, for
example, in the work of Vesalius, was complemented by varying and
controlling the conditions of the phenomena under study. The urgings
of Francis Bacon and the examples set by Gilbert and Galileo early in
the seventeenth century were increasingly followed after them. The use
of mathematics and measurement expanded beyond the traditional
mathematical sciences and slowly began to be applied to other branches
of science.

Magnetic Experiments and Celestial Motion

Document 12
William Gilbert on the Magnet and Magnetism

William Gilbert’s On the Magnet (1600) was the first work since
the thirteenth century to deal extensively with magnetic phenom-
ena. Until Gilbert’s work it had been held that the poles of a mag-
net pointed to the celestial poles. The growing interest in
geography and navigation during the explorations of the sixteenth
century led to greater attention to the compass, as well as to mag-
netic bodies and their properties. Mariners had noted that the com-
pass needle varies from due north in different ways in different
parts of the earth, and also that the manner in which a needle
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mounted perpendicularly varies in different areas. It was thought
that these phenomena, along with celestial observation, might
prove useful in locating position at sea. Gilbert was familiar with
the discoveries and ideas of navigators concerning the movements
of the compass. The link between studies of magnetic behavior and
celestial phenomena was very much on Gilbert’s mind as he pur-
sued his studies. He came to the conclusion that magnetism was
a terrestrial phenomenon, and that the earth was a lodestone. The
first part of his book was devoted to the various movements asso-
ciated with a compass or lodestone. After a number of experiments
Gilbert came to the conclusion that a globular lodestone, which
he called a terrella, was like a little earth, that it had poles and nat-
urally rotated. The idea was an old one, based on ancient ideas
about the nature of spheres, but Gilbert’s attribution of rotation to
the earth was his own idea and one of the earliest published ex-
pressions of that component of the Copernican theory.

The fact is trite and familiar, that the loadstone attracts iron; in
the same way, too, one loadstone attracts another. Take the stone on
which you have designated the poles, N. and S., and put it in its ves-
sel so that it may float; let the poles lie just in the plane of the hori-
zon, or at least in a plane not very oblique to it; take in your hand
another stone the poles of which are also known, and hold it so that
its south pole shall lie toward the north pole of the floating stone, and
near it alongside; the floating loadstone will straightway follow the
other (provided it be within the range and dominion of its powers),
nor does it cease to move nor does it quit the other till it clings to it,
unless, by moving your hand away, you manage skillfully to prevent
the conjunction. In like manner, if you oppose the north pole of the
stone in your hand to the south pole of the floating one, they come to-
gether and follow each other. For opposite poles attract opposite poles.
But, now, if in the same way you present N. to N. or S. to S., one stone
repels the other; and as though a helmsman were bearing on the rud-
der it is off like a vessel making all sail, nor stands nor stays as long
as the other stone pursues. One stone also will range the other, turn
the other around, bring it to right about and make it come to agree-
ment with itself. But when the two come together and are conjoined
in nature’s order, they cohere firmly. For example, if you present the
north pole of the stone in your hand to the Tropic of Capricorn (for
so we may distinguish with mathematical circles the round stone or
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terrella, just as we do the globe itself) or to any point between the equa-
tor and the south pole: immediately the floating stone turns round and
so places itself that its south pole touches the north pole of the other
and is most closely joined to it. In the same way you will get like ef-
fect at the other side of the equator by presenting pole to pole; and
thus by art and contrivance we exhibit attraction and repulsion, and
motion in a circle toward the concordant position, and the same move-
ments to avoid hostile meetings. Furthermore, in one same stone we
are thus able to demonstrate all and are interfered with in their move-
ments. If the loadstone be oblong, with vertices at the extremities and
not at the sides, it attracts best at the vertex; for the parts convey to
the poles a greater force in right lines than in oblique. Thus do the
loadstone and the earth conform magnetic movements.

The magnetic force is given out in all directions around the body;
around the terrella it is given out spherically; around loadstones of
other shapes unevenly and less regularly. But the sphere of influence
does not persist, nor is the force that is diffused through the air per-
manent or essential; the loadstone simply excites magnetic bodies sit-
uate at convenient distance. And as light—so opticians tell us—arrives
instantly in the same way, with far greater instantaneousness, the mag-
netic energy is present within the limits of its forces; and because its
act is far more subtile than light, and it does not accord with non-
magnetic bodies, it has no relations with air, water, or other non-
magnetic body; neither does it act on magnetic bodies by means of
forces that rush upon them with any motion whatever, but being pres-
ent solicits bodies that are in amicable relations to itself. And as a light
impinges on whatever confronts it, so does the loadstone impinge upon
a magnetic body and excites it. And as light does not remain in the at-
mosphere above the vapors and effluvia nor is reflected back by those
spaces, so that magnetic ray is caught neither in air nor in water. The
forms of things are in an instant taken in by the eye or by glasses; so
does the magnetic force seize magnetic bodies.

[T]he earth revolves, not fortuitously nor by chance, nor with a head-
long motion, but evenly, with a certain high intelligence and with a
wonderful steadiness, even like the rest of the movable stars which have
fixed periods for their movements.
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Thus, inasmuch as the sun itself is the mover and inciter of the
universe, the other planets that are situate within the sphere of his
forces, being impelled and set in motion, do also with their own forces
determine their own courses and revolve in their own periods, ac-
cording to the amplitude of their greater rotation and the differences
of the forces effused and the perception of a greater good. . . . We have
asserted that the earth turns on its centre, making one day in its revo-
lution sunward. . . . [T]he sun is the cause of both the earth’s and the
moon’s motions. . . . So, then, the earth rotates in the space of 24 hours,
even as the moon does in her monthly course, by a magnetical com-
pact of both, the globes being impelled forward according to the ratio
of their orbits. . . . But as between the moon and the earth, it is more
reasonable to believe that they are in agreement, because, being neigh-
bor bodies, they are very like in nature and substance, and because the
moon has a more manifest effect on the earth than have any of the
other stars, except the sun; also the moon alone of all planets directs
its movements as a whole toward the earth’s centre, and is near of kin
to earth, and as it were held by ties to earth.

Source: William Gilbert, De Magnete, translated by P. Fleury Mottelay (New
York: Wiley, 1893), 28–30, 123, 344–345.

The Reformation of Mechanics

Document 13
Galileo on Falling Bodies

The traditional view of the motion of bodies, although slightly
modified during the Middle Ages, was still essentially Aristotelian
in character by 1600. The view that all objects on the earth or be-
tween the earth and the Moon were either heavy or light was the
standard one. Heavy objects tended to move toward their natural
place, the center of the universe, which coincided with the center
of the earth; light objects tended away from the center of the earth.
These were natural motions. Thrown objects, or objects moving
other than toward or away from the center, had to be moved by
something, in accordance with the principle that everything moved
must be moved by something. Freely falling bodies moved with a
speed proportional to their weight.

Galileo had begun to challenge these ideas early in his ca-
reer, but he published little on the subject until the latter part of
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his life. After his condemnation by the Inquisition for his Coper-
nican beliefs, he was confined to his house near Florence. There
his reputation led to visits by notables foreign and domestic. Per-
suaded by some of his followers to publish his novel ideas on me-
chanics, he did so in a style he had used earlier in the form of a
conversation between three men, two of whom are represented in
the passage in Document 13, Salviati expressing Galileo’s opinions,
and Simplicio, an Aristotelian. Galileo thought it best that his book
on mechanics and strength of materials be published abroad, and
the volume was published in the Spanish Netherlands in 1638. It
had a very considerable influence.

[SALVIATI] My purpose is to set forth a very new science dealing
with a very ancient subject. There is, in nature, perhaps nothing older
than motion, concerning which the books written by philosophers are
neither few nor small; nevertheless I have discovered by experiment
some properties of it which are worth knowing and which have not
hitherto been either observed or demonstrated. Some superficial ob-
servations have been made, as, for instance, that the free motion . . . of
a heavy falling body is continuously accelerated; but to just what ex-
tent this acceleration occurs has not yet been announced; for so far as
I know, no one has yet pointed out that the distances traversed, dur-
ing equal intervals of time, by a body falling from rest, stand to one
another in the same ratio as the odd numbers beginning with unity.

It has been observed that missiles and projectiles describe a
curved path of some sort; however no one has pointed out the fact that
this path is a parabola. But this and other facts, not few in number or
less worth knowing, I have succeeded in proving; and what I consider
more important, there have been opened up to this vast and most ex-
cellent science, of which my work is merely the beginning, ways and
means by which other minds more acute than mine will explore its re-
mote corners.

Theorem II, Proposition II

The spaces described by a body falling from rest with a uniformly
accelerated motion are to each other as the squares of the time-intervals
employed in traversing these distances. . . .

SIMPLICIO. . . . I am convinced that matters are as described,
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once having accepted the definition of uniformly accelerated motion.
But as to whether this acceleration is that which one meets in nature
in the case of falling bodies, I am still doubtful; and it seems to me,
not only for my own sake but also for all those who think as I do, that
this would be the proper moment to introduce one of those experi-
ments—and there are many of them, I understand—which illustrate in
several ways the conclusions reached.

SALVIATI. The request which you, as a man of science, make, is
a very reasonable one; for this is the custom—and properly so—in
those sciences where mathematical demonstrations are applied to nat-
ural phenomena, as is seen in the case of perspective, astronomy, me-
chanics, music, and others where the principles, once established by
well-chosen experiments, become the foundations of the entire super-
structure. . . . I have attempted in the following manner to assure my-
self that the acceleration actually experienced by falling bodies is that
above described.

A piece of wooden moulding or scantling, about 12 cubits long,
half a cubit wide, and three finger-breadths thick, was taken; on its edge
was cut a channel a little more than one finger in breadth; having made
this groove very straight, smooth, and polished, and having lined it
with parchment, also as smooth and polished as possible, we rolled
along it a hard, smooth, and very round bronze ball. Having placed this
board in a sloping position, by lifting one end some one or two cubits
above the other, we rolled the ball, as I was just saying, along the chan-
nel, noting, in a manner presently to be described, the time required
to make the descent. We repeated this experiment more than once in
order to measure the time with an accuracy such that the deviation be-
tween two observations never exceeded one-tenth of a pulse-beat. Hav-
ing performed this operation and having assured ourselves of its
reliability, we now rolled the ball only one-quarter the length of the
channel; and having measured the time of its descent, we found it pre-
cisely one-half of the former. Next we tried other distances, comparing
the time for the whole length with that for the half, or with that for
two-thirds, or three-fourths, or indeed for any fraction; in such exper-
iments, repeated a full hundred times, we always found that the spaces
traversed were to each other as the squares of the times, and this was
true for all inclinations of the plane, i.e., of the channel, along which
we rolled the ball. We also observed that the times of descent for var-
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ious inclinations of the plane bore to one another precisely that ratio
which, as we shall see later, the Author had predicted and demonstrated
for them.

For the measurement of time, we employed a large vessel of water
placed in an elevated position; to the bottom of this vessel was soldered
a pipe of small diameter giving a thin jet of water, which we collected
in a small glass during the time of each descent, whether for the whole
length of the channel or for a part of its length; the water thus col-
lected was weighed, after each descent, on a very accurate balance; the
differences and ratios of these weights gave us the differences and ra-
tios of the times, and this with such accuracy that although the oper-
ation was repeated many, many times, there was no appreciable
discrepancy in the results.

Source: Galileo Galilei, Dialogues Concerning Two New Sciences, translated by
H. Crew and A. De Salvio (New York: Macmillan, 1914), 153–154, 174,
178–179.

Experiment, Measurement, and the Vacuum

Document 14
Pascal’s Suggested Experiments with the Torricelli Tube

A number of important experiments were conducted in the second
half of the seventeenth century after the discovery of the space
above the mercury in a vertical tube at least three feet long, sealed
at one end, with its open end placed in a dish of mercury; the con-
cept of the vacuum had been rejected by Aristotle, as well as by
Descartes. For the followers of both Aristotle and Descartes the
universe was a plenum, that is, completely filled with matter, some
of which was imperceptible to the senses.

Blaise Pascal (1623–1662), a brilliant mathematician and ex-
perimenter, had been interested in the science of fluids and made
important discoveries in hydrodynamics. He also devised a num-
ber of experiments with what had come to be called the Torricelli
tube, after Evangelista Torricelli’s (1608–1647) insightful sugges-
tion, as described in Document 14, that the weight of the mercury,
or quicksilver as it was then also called, in the tube was equal to
the weight of the atmosphere pressing on the mercury in the dish
in which its open end rested. Pascal made a number of experiments
clearly demonstrating that the size of the space above the mercury
had no effect on the height of the mercury. He also thought that
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he had a definitive experiment that would test Torricelli’s hypoth-
esis about the weight of the atmosphere. Pascal wrote to his
brother-in-law, Florin Perier, with his suggestions, and Perier then
carried them out, as reported by him in the letter reproduced in
Document 14. The experiments carried out on a mountain in
France were influential in convincing some natural philosophers
of the existence of vacua and led to the creation of vacuum pumps
with which a number of new experiments were capable of being
performed. Pascal’s results were not published until 1663.

My dear reader, since certain considerations prevent my publish-
ing at this time in its entirety a treatise in which I have reported many
new experiments I have made concerning the vacuum together with
the conclusions I have drawn from them, I decided to give an account
of the chief of them in this summary, where you will see in advance
the plan of the whole work.

The occasion of these experiments was as follows: About four years
ago in Italy it was found that a glass tube four feet in height, with one end
open and the other hermetically sealed, having been filled with quicksilver
and the open end then stopped by a finger or in some other way and the
tube placed vertically with the stopped end down and plunged two or three
fingers’ breadths into some more quicksilver contained in a vessel half full
of quicksilver and half full of water; if the stopper is removed, the tube re-
maining plunged into the quicksilver of the vessel, the quicksilver of the
tube descends part way, leaving at the top of the tube an apparently empty
space, the bottom of the tube remaining full of quicksilver up to a certain
height. And if the tube is lifted a little until its open end, which had been
dipped in the quicksilver of the vessel, leaving this quicksilver, reaches the
region of water, the quicksilver of the tube rises to the top with the water
and these two liquids are mingled in the tube, but finally all the quicksil-
ver falls, and the tube is found to be entirely filled with water.

Source: Blaise Pascal, New Experiments Concerning the Vacuum (1647), trans-
lated by Richard Scofield in Great Books of the Western World, edited by Rob-
ert M. Hutchins (Chicago and London: Encyclopedia Britannica, 1952), vol.
33, 359.
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Copy of the letter of Monsieur Pascal the Younger to Monsieur Perier,
November 15, 1647

You know the views of the Philosophers on this subject. They
have all endorsed the principle that nature abhors a vacuum, and most
of them have gone further and maintained that nature cannot admit of
it, and would perish sooner than suffer it. Thus opinions have been di-
vided: some have been content to say only that nature abhors a vac-
uum, others have maintained that she could not tolerate it. I have tried
in my pamphlet on the vacuum to refute the latter opinion, and I be-
lieve that the experiments recorded there suffice to show indubitably
that nature can, and does, tolerate any amount of space empty of any
of the substances that we are acquainted with, and that are perceptible
to our senses. I am now engaged in testing the truth of the former state-
ment, namely, that nature abhors a vacuum, and am trying to find ex-
perimental ways to show whether the effects ascribed to the abhorrence
of a vacuum are really attributable to that abhorrence, or to the weight
and pressure of the air. . . .

To this end I have devised [an experiment] that is in itself suffi-
cient to give us the light we seek if it can be carried out with accuracy.
This is to perform the usual experiment with a vacuum several times
over in one day, with the same tube and with the same quicksilver,
sometimes at the base and sometimes at the summit of a mountain at
least five or six hundred fathoms high, in order to ascertain whether
the height of the quicksilver suspended in the tube will be the same or
different in the two situations. You see at once, doubtless, that such an
experiment is decisive. If it happens that the height of the quicksilver
is less at the top than at the base of the mountain (as I have many rea-
sons to believe it is, although all who have studied the matter are of
the opposite opinion), it follows of necessity that the weight and pres-
sure of the air is the sole cause of this suspension of the quicksilver,
and not the abhorrence of a vacuum: for it is quite certain that there
is much more air that presses on the foot of the mountain than there
is on its summit, and one cannot well say that nature abhors a vacuum
more at the foot of the mountain than at its summit.
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Copy of the Account of the Experiment submitted by 
Monsieur Perier

I notified several people of standing in this town of Clermont, who had
asked me to let them know when I would make the ascent. . . .

On that day, therefore, at eight o’clock in the morning, we started
off all together for the garden of the Minim Fathers, which is almost the
lowest spot in the town, and there began the experiment in this manner.

First, I poured into a vessel six pounds of quicksilver which I had
rectified during the three days preceding; and having taken glass tubes
of the same size, each four feet long and hermetically sealed at one end
but upon at the other, I placed them in the same vessel and carried out
with each of them the usual vacuum experiment. Then, having set them
up side by side without lifting them out of the vessel, I found that the
quicksilver left in each of them stood at the same level, which was
twenty-six inches and three and a half lines above the surface of the
quicksilver in the vessel. . . .

With the other tube and a portion of the same quicksilver, I then
proceeded with all these gentlemen to the top of the Puy de Dôme,
some 500 fathoms above the Convent. There, after I had made the same
experiments in the same way that I have made them at the Minims, we
found that there remained in the tube a height of only twenty-three
inches and two lines of quicksilver; whereas in the same tube, at the
Minims we had found a height of twenty-six inches and three and a
half lines. Thus between the heights of the quicksilver in the two ex-
periments there proved to be a difference of three inches one line and
a half. . . .

Later, on the way down at a spot called Lafon de l’Arbre, far above
the Minims but much farther below the top of the mountain, I repeated
the same experiment, still with the same tube, the same quicksilver,
and the same vessel, and there found that the height of the quicksilver
left in the tube was twenty-five inches. I repeated it a second time at
the same spot. . . . All these experiments yielded the same height of
twenty-five inches, which is one inch, three lines and a half less than
we had just found at the top of the Puy de Dôme. It increased our sat-
isfaction not a little to observe in this way that the height of the quick-
silver diminished with the altitude of the site.
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On my return to the Minims I found that the [quicksilver in the]
vessel I had left there in continuous operation was at the same height
at which I had left it, that is, at twenty-six inches, three lines and a
half. . . .

I repeated it again a last time, not only in the same tube I had
used on the Puy de Dôme, but also with the same quicksilver and in
the same vessel that I had carried up the mountain; and again I found
the quicksilver at the same height of twenty-six inches, three lines and
a half which I had observed in the morning, and thus finally verified
the certainty of our results.

The next day. . . . I carried out the ordinary experiment of the
vacuum in a private residence which stands on the highest ground of
the city, some six or seven fathoms above the garden of the Minims,
and on a level with the base of the tower. There we found the quick-
silver at the height of about twenty-six inches and three lines, which
is less than that which was found at the Minims by about half a line.
I next made the experiment on the top of the same tower, which was
twenty fathoms higher than its base and about twenty-six or twenty-
seven fathoms above the garden of the Minims. There I found the
quicksilver at the height of about twenty-six inches and one line, that
is, about two lines less than its height at the base of the tower, and
about two and a half lines lower than it stood in the garden of the
Minims.

Source: The Physical Treatises of Pascal, translated by I.H.S. Spiers and A.G.H.
Spiers (New York: Columbia University Press, 1937), 98–107.

Newton on the Laws of Motion and the Principle of
Universal Gravitation

Document 15
Newton’s Laws of Motion

What had begun as a debate within the Royal Society on the cause
of planetary motion, when brought to Newton’s attention in 1684,
led him to develop the principles of mechanics and the principle
of gravitation that have been influential in the science of mechan-
ics to the present day. The publication in 1687 of Newton’s Mathe-
matical Principles of Natural Philosophy marked a culmination in
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the transformation of natural philosophy that had begun more
than a century earlier. His laws of motion, although slightly mod-
ified since they were first published, remain the foundation for be-
ginning the study of physics in university curricula today. From
them and the law of universal gravitation, the discoveries of Ke-
pler and Galileo could be derived mathematically. Newton’s laws
of motion subsequently led to many further discoveries in both as-
tronomy and mechanics.

AXIOMS, OR THE LAWS OF MOTION
Law 1 Every body perseveres in its state of being at rest or of moving
uniformly straight forward except insofar as it is compelled to change its
state by forces impressed.

Projectiles persevere in their motions, except insofar as they are
retarded by the resistance of the air and are impelled downward by the
force of gravity. A spinning hoop, which has parts that by their cohe-
sion continually draw one another back from rectilinear motions, does
not cease to rotate, except insofar as it is retarded by the air. And larger
bodies—planets and comets—preserve for a longer time both their pro-
gressive and their circular motions, which take place in spaces having
less resistance.
Law 2 A change in motion is proportional to the motive force impressed
and takes place along the straight line in which that force is impressed.

If some force generates any motion, twice the force will generate
twice the motion, and three times the force will generate three times
the motion, whether the force is impressed all at once or successively
by degrees. And if the body was previously moving, the new motion
(since motion is always in the same direction as the generative force)
is added to the original motion if that motion was in the same direc-
tion or is subtracted from the original motion if it was in the opposite
direction or, if it was in an oblique direction, is combined obliquely
and compounded with it according to the directions of both motions.
Law 3 To any action there is always an opposite and equal reaction;
in other words, the actions of two bodies upon each other are always equal
and always opposite in direction.

Whatever presses or draws something else is pressed or drawn just as
much by it. If anyone presses a stone with a finger, the finger is also
pressed by the stone. If a horse draws a stone tied to a rope, the horse
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will (so to speak) also be drawn back equally toward the stone, for the
rope, stretched out at both ends, will urge the horse toward the stone
and the stone toward the horse by one and the same endeavor to go
slack and will impede the forward motion of one as much as it pro-
motes the forward motion of the other. If some body impinging upon
another body changes the motion of that body in any way by its own
force, then, by the force of the other body (because of the equality of
their mutual pressure), it also will in turn undergo the same change in
its own motion in the opposite direction. By means of these actions,
equal changes occur in the motions, not in the velocities—that is, of
course, if the bodies are not impeded by anything else. For the changes
in velocities that likewise occur in opposite directions are inversely pro-
portional to the bodies because the motions are changed equally. This
law is valid also for attractions.

Proposition 75 Theorem 35 If toward each of the points of a given
sphere there tend equal centripetal forces decreasing in the squared ratio of
the distances from the points, I say that this sphere will attract any other
homogeneous sphere with a force inversely proportional to the square of
the distance between the centers.

For the attraction of any particle is inversely as the square of its
distance from the center of the attracting sphere . . . , and therefore is
the same as if the total attracting force emanated from one single cor-
puscle situated in the center of this sphere. Moreover, this attraction is
as great as the attraction of the same corpuscle would be if, in turn, it
were attracted by each of the individual particles of the attracted sphere
with the same force by which it attracts them. And that attraction of
the corpuscle . . . would be inversely proportional to the square of its
distance from the center of the sphere; and therefore the sphere’s at-
traction, which is equal to the attraction of the corpuscle, is in the same
ratio. Q.E.D.

Thus far I have explained the phenomena of the heavens and of
our sea by the force of gravity, but I have not yet assigned a cause to
gravity. Indeed, this force arises from some cause that penetrates as far
as the centers of the sun and planets without any diminution of its
power to act, and that acts not in proportion to the quantity of the surf-
aces of the particles on which it acts (as mechanical causes are wont
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to do) but in proportion to the quantity of solid matter, and whose ac-
tion is extended everywhere to immense distances, always decreasing
as the squares of the distances. Gravity toward the sun is compounded
of the gravities toward the individual particles of the sun, and at in-
creasing distances from the sun decreases exactly as the squares of the
distances as far out as the orbit of Saturn, as is manifest from the fact
that the aphelia of the planets are at rest, and even as far as the farthest
aphelia of the comets, provided that those aphelia are at rest. I have
not as yet been able to deduce from phenomena the reason for these
properties of gravity, and I do not feign hypotheses. For whatever is
not deduced from the phenomena must be called a hypothesis; and hy-
potheses, whether metaphysical or physical, or based on occult quali-
ties, or mechanical, have no place in experimental philosophy. In this
experimental philosophy, propositions are deduced from the phenom-
ena and are made general by induction. The impenetrability, mobility,
and impetus of bodies, and the laws of motion and the law of gravity
have been found by this method. And it is enough that gravity really
exists and acts according to the laws that we have set forth and is suf-
ficient to explain all the motions of the heavenly bodies and of our sea.

Source: Isaac Newton, The Principia: Mathematical Principles of Natural Philos-
ophy, translated by I. B. Cohen and Anne Whitman (Berkeley and Los Ange-
les: University of California Press, 1999), 416, 594, 943.

The Nature of the Universe and Its Laws as
Arguments for Design by a Creator

Document 16
Newton’s Letter to Richard Bentley

By the terms of Robert Boyle’s will an endowment was created for
a series of lectures to show how the growth of scientific knowl-
edge provided evidence for the existence, omniscience, and om-
nipotence of God. Richard Bentley (1662–1742) was the first one
chosen to give a lecture. He decided that the best way to prepare
for it was to consult Newton, whose Mathematical Principles of Nat-
ural Philosophy had given him the reputation of being the greatest
scientist of the day. Newton’s responses to Bentley’s queries were
based on a long-existing tradition of ascribing certain patterns ev-
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ident in the world as examples of divine intention. Newton’s use
of the consequences of his recent discoveries as such evidence was
a pattern since applied to a whole range of scientific discoveries
up to the present day.

When I wrote my treatise upon our System, I had an Eye upon such
Principles as might work with considering Men, for the belief of a Deity,
and nothing can rejoice me more than to find it useful for that Pur-
pose. But if I have done the Public any service this way, it is due to
nothing but Industry and patient Thought.

As to your first Query, it seems to me that if the Matter of our Sun
and Planets, and all the Matter of the Universe, were evenly scattered
throughout all the Heavens, and every Particle had an innate Gravity
towards all the rest, and the whole Space, throughout which this Mat-
ter was scattered, was but finite; the Matter on the outside of this Space
would by its Gravity tend towards all the Matter on the inside, and by
consequence fall down into the middle of the whole Space, and there
compose one great spherical Mass. But if the Matter was evenly dis-
posed throughout an infinite Space, it could never convene into one
Mass, but some of it would convene into one Mass and some into an-
other, so as to make an infinite Number of great Masses, scattered at
great Distances from one to another throughout all that infinite Space.
And thus might the Sun and fixt Stars be formed, supposing the Mat-
ter were of a lucid Nature. But how the Matter should divide itself into
two sorts, and that Part of it, which is fit to compose a shining Body,
should fall down into one Mass and make a Sun, and the rest, which
is fit to compose an opaque Body, should coalesce, not into one great
Body, like the shining Matter, but into many little ones; or if the Sun
at first were an opaque Body like the Planets, or the Planets lucid Bod-
ies like the Sun, how he alone should be changed into a shining Body,
whilst all they continue opaque, or all they be changed into opaque
ones, whilst he remains unchanged, I do not think explicable by meer
natural Causes, but am forced to ascribe it to the Counsel and Con-
trivance of a voluntary Agent.

The same Power, whether natural or supernatural, which placed
the Sun in the Center of the six primary Planets, placed Saturn in the
Center of the Orbs of his five secondary Planets, and Jupiter in the Cen-
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ter of his four secondary Planets, and the Earth in the Center of the
Moon’s Orb; and therefore had this Cause been a blind one, without
Contrivance or Design, the Sun would have been a Body of the same
kind with Saturn, Jupiter, and the Earth, that is, without Light and Heat.
Why there is one Body in our System qualified to give Light and Heat
to all the rest, I know no Reason, but because the Author of the Sys-
tem thought it convenient; and why there is but one Body of this kind
I know no Reason, but because one was sufficient to warm and en-
lighten all the rest. For the Cartesian Hypothesis of Suns losing their
Light, and then turning into Comets, and Comets into Planets, can have
no Place in my System, and is plainly erroneous; because it is certain
that as often as they appear to us, they descend into the System of our
Planets, lower than the Orb of Jupiter, and sometimes lower that the
Orbs of Venus and Mercury, and yet never stay here, but always return
from the Sun with the same Degrees of Motion by which they ap-
proached him.

To your second Query, I answer, that the Motions which the Plan-
ets now have could not spring from any natural Cause alone, but were
impressed by an intelligent Agent. For since Comets ascend into the
Region of our Planets, and here move all manner of ways, going some-
times the same way with the Planets, sometimes the contrary way, and
sometimes in cross ways, in Planets inclined to the Plane of the
Ecliptick, and at all kinds of Angles, ’tis plain that there is no natural
Cause which could determine all the Planets, both primary and sec-
ondary, to move the same way and in the same Plane, without any
considerable Variation: This must have been the Effect of Counsel. Nor
is there any natural Cause which could give the Planets those just De-
grees of Velocity, in Proportion to their Distances from the Sun, and
other central Bodies, which were requisite to make them move in such
concentrick Orbs about those Bodies. Had the Planets been as swift as
Comets, in Proportion to their Distances from the Sun (as they would
have been, had their Motion been caused by their Gravity, whereby the
Matter, at the first Formation of the Planets, might fall from the re-
motest Regions towards the Sun) they would not move in concentrick
Orbs, but in such eccentrick ones as the Comets move in. . . . To make
this System therefore, with all its Motions, required a Cause which un-
derstood, and compared together, the Quantities of Matter in the sev-
eral Bodies of the Sun and Planets, and the gravitating Powers resulting



from thence; the several distances of the primary Planets from the Sun,
and of the secondary ones from Saturn, Jupiter, and the Earth; and the
Velocities with which these Planets could revolve about those Quanti-
ties of Matter in the central Bodies; and to compare and adjust all these
Things together, in so great a Variety of bodies, argues that Cause to
be not blind and fortuitous, but very well skilled in Mechanicks and
Geometry.

Source: Four Letters from Sir Isaac Newton to Doctor Bentley. Containing Some
Arguments in Proof of a Deity (London: R. and J. Dodsley, 1756), 1–6.
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Active Principles: Internal principles that account for the behavior of
bodies that cannot be explained solely on the grounds of me-
chanical actions, as for example with gravitation or in alchemical
reactions. Active principles also allowed a role for divine provi-
dence in the operations of the universe.

Aerial Nitre: A hypothetical substance in the air that, when ingested
by the lungs and then passing into the blood, nourishes the
body.

Aether: A rarefied substance constituting the matter of the heavens.

Alchemy: The science involving the search for material and spiritual
perfection through the treatment and interactions of various sub-
stances. Among its objectives were the transfer of other metals
into gold and the growth of metals.

Aphelia: In the course of their orbits, the farthest distances of the plan-
ets from the Sun.

Archaeus: In the theory of Paracelsus, an entity like a spiritual al-
chemist within the human body that governs metabolic processes.

Book of Nature: The interpretation of the natural world conceived as
a companion to the Bible, both revealing the nature of God.

Diastole: The relaxation of the heart muscle after its contraction in the
heartbeat.

Eccentric: A circle used by astronomers to describe a planetary orbit
whose center is slightly distant from the Earth or Sun.

Empiricism: The acquisition of knowledge based on the collection of
facts by use of the senses in observation or experimentation.

GLOSSARY



Epicycle: In the plotting of planetary motion, a circle on which a
planet revolves, while the center of the epicycle revolves on a
larger circle about the Earth or Sun.

Epigenesis: The theory that the offspring of living things gradually de-
velop from undifferentiated material.

Equant: In Ptolemaic astronomy, a point not at the center of an orbit,
around which a planet moves with uniform motion.

Generation: The process by which plants or animals are reproduced.

Geoheliocentrism: The theory that all the planets revolve around the
Sun, which revolves around the Earth in the course of a year.

Herbals: Books with illustrations and descriptions of plants and their
properties.

Homocentric Spheres: In the Aristotelian system, spheres carrying the
planets, all revolving about a common center, the Earth.

Humors: In Galenic physiology and medicine, the four bodily fluids,
whose balance or imbalance determines the effectiveness of the
body’s functions and and an individual’s health.

Impetus: A medieval theory based on the Aristotelian principle that
everything moved must have a mover. It holds that an immaterial
force is imparted to all hurled or propelled objects, keeping them
in flight and gradually diminishing until they fall to Earth.

Intelligencers: Individuals acting as centers of correspondence and the
transmission of scientific ideas to natural philosophers through-
out Europe.

Isochronism of the Pendulum: The motions of a pendulum, regard-
less of the length of its swing, take equal lengths of time.

Kepler’s Area Rule: Now called Kepler’s Second Law, holds that a line
from the Sun to a planet sweeps out equal areas in equal times,
resulting in a more rapid motion of the planet when it is closer
to the Sun than when farther from it.

Lodestone: An iron ore with magnetic properties.

Mechanical Philosophy: A system of explanation developed during the
Scientific Revolution employing the size, shape, organization, and
motions of invisible particles as the causes of natural events
through contact, on analogy with the operations of mechanical
devices.
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Macrocosm/Microcosm: The idea that the small world embodies the
large one—specifically, that man mirrors the entire universe—and
that there are correspondences between them; underlies princi-
ples behind magic, astrology, and alchemy.

Micrometer: A device inserted in telescopes allowing for much greater
precision in measurement between celestial objects than is pos-
sible by estimation.

Mixed Sciences: A term developed in Antiquity for the sciences that
used mathematics, such as astronomy, mechanics, optics, and
music.

Natural Philosophy: The study of all aspects of the natural world and
including the methods of learning about them; what we would
call science today.

Occult Sciences: The sciences, such as astrology, alchemy, and magic,
whose effects are conceived as occurring through the operation of
imperceptible forces.

Parallax: The angle at a star, or at the Sun, subtending the radius of
Earth’s orbit.

Peripatetics: Another name for Aristotelians, derived from the alleged
practice by Aristotle of leading discussions among his followers
while walking about in ancient Athens.

Philosopher’s Stone: The goal sought by alchemists enabling the cre-
ation of gold from other metals, as well as spiritual purification.

Planetary Parameters: The various components used for the predic-
tion of planetary positions; among them were the closest and far-
thest distances of a planet from the Sun, the length of time taken
to complete an orbit, and the distance of a planet’s center of rev-
olution from the center of its orbit.

Pneuma: In Stoic philosophy, a world soul, the fundamental substance
pervading all bodies, and a life-giving ingredient in the air.

Preformation: The theory that all living things exist fully formed, or
with analogous structures, either in the egg or male seed, and that
the process of generation involves a trigger initiating growth, de-
velopment, and birth.

Retrograde Motions: The periodic apparent motions of the planets in
the opposite direction from their normal paths.
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Spontaneous Generation: The birth of lower forms of life, such as
worms or insects, from inanimate matter.

Syllogism: A logical form of reasoning by deduction, involving a major
premise, a minor premise, and a conclusion; for example: All men
are mortal; Aristotle is a man; therefore Aristotle is mortal.

Sympathy and Antipathy: The means by which occult forces affected
similar or dissimilar entities in the concept of the microcosm/
macrocosm relationship.

Systole: The contraction of the heart muscle in a heartbeat.

Taxonomy: The classification into a hierarchy of the components of
various categories; chiefly used in classifying living things.

Vital Spirits: The philosophical position that all things have immate-
rial components, or, in the case of living things, “souls,” as the
governing principles of their activities.

Vortex Theory: The theory that the Sun is surrounded by a substance
whirling around it like a whirlpool. For Kepler, the vortex is
caused by the rotation of the Sun, which is the cause of planetary
motion; for Descartes, the vortex, emerging just after the Creation,
accounts for the motions of the planets.
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