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From Magic to Newton


Learning Objectives 


Upon completion of Chapter 4, you will be able to:


•	 Summarize	the	contribution	of	magic	to	the	Scientific	Revolution.


•	 Understand	the	significance	of	mechanization,	experimentation,	and	quantification	dur-
ing	the	Scientific	Revolution.


•	 Explain	where	most	of	the	experiments	were	done	during	this	period.


•	 Summarize	the	impact	of	Isaac	Newton	on	the	Scientific	Revolution.


•	 Comprehend	how	Thomas	Kuhn	came	up	with	his	theory	and	model	of	scientific	change.
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CHAPTER 4Section 4.1 Magical Roots 


Introduction


Walk	into	any	bookstore	or	movie	theater	today	and	you	will	likely	encounter	worlds	of	magic	and	mysticism.	This	fantasy	realm	of	magic	extends	a	long	tradition	that	includes	J.	R.	R.	Tolkien’s	Lord of the Rings,	C.	S.	Lewis’s	Chronicles of Narnia,	and	
J.	K.	Rowling’s	Harry	Potter	tales.	While	millions	today	enjoy	fictional	stories	like	these,	
few	realize	that	magic	was	once	considered	as	real	a	force	for	understanding	and	control-
ling	nature	as	science	is	in	the	21st	century.	Though	today	we	recognize	these	endeavors	as	
belonging	more	to	the	fictional	worlds	of	literary	fantasy,	they	actually	served	as	some	of	the	
roots	of	the	Scientific	Revolution.	As	historian	John	Henry	wrote,	the	emphasis	upon	math-
ematics	within	magic	for	understanding	the	natural	world	was	one	central	way	that	the	
occult	world	anticipated	modern	science.	Henry	concluded,	“The	magical	tradition,	there-
fore,	with	its	easy	acceptance	of	occult	qualities,	can	be	seen	to	have	played	a	major	role	in	
the	development	of	the	experimental	method	and	of	the	so-called	mechanical	philosophies	
that	were	so	characteristic	of	the	Scientific	Revolution”	(Applebaum,	2008,	p.	592).


In	this	chapter,	we	will	first	explore	the	nature	of	magic	during	the	Scientific	Revolu-
tion.	We	will	then	move	on	to	the	nature	of	the	experiments	and	see	how	both	magic	and	
experimentation	influenced	one	of	the	greatest	scientists	of	the	time,	Isaac	Newton.


4.1 Magical Roots 


It	has	been	suggested	that	a	medieval	magical	tradition	prepared	the	way	for	modern	science	and	that	there	was	strong	connection	between	
hermetic	thought	in	the	Renaissance	and	the	emer-
gence	of	early	modern	science	(Yates,	2002).	Her-
meticism	was	associated	with	the	occult,	and	its	
emphasis	upon	magical	operations	with	numbers	
contributed	to	the	advancement	of	mathematics.	
Hermetic	 thought	 is	 named	 after	 Hermes	 Tris-
megistus,	the	believed	ancient	founder	of	Hermet-
icism.	The	Hermetic	corpus	included	sun	worship,	
and	thus	its	practitioners	most	likely	accepted	and	
embraced	a	heliocentric	system.	The	main	connec-
tion	between	the	Hermetic	tradition	and	the	Scien-
tific	Revolution	was	the	desire	to	acquire	powers	
in	order	to	dominate	nature	(Yates,	2002).


The	history	of	magic	itself	extends	for	several	mil-
lennia	and	has	blended	traditions	 from	Greece,	
China,	 Mesopotamia,	 and	 Egypt.	 It	 has	 also	
included	the	influence	of	numerous	Jewish	and	
Islamic	scholars.	Its	influence	extended	from	the	
most	scholarly	endeavors	in	ivory	academic	tow-
ers	to	the	community	level	of	the	local	witch	or	
doctor	(Burns,	1997).


Illustration representing Hermes 
Trismegistus, who is identified with 
Hermeticism, which deals with astrology, 
alchemy, and other occult sciences.
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The Nature of Magic


The	central	theory	behind	the	various	forms	of	magic	was	that	a	hidden	connection	existed	
between	dissimilar	items	in	nature.	These	hidden	powers	were	known	as occult forces 
and	flowed	from	a	microcosm	to	a	macrocosm	and	back	again.	For	example,	a	micro-
cosm	might	be	a	crude	voodoo	doll	which	corresponds	to	its	related	macrocosmic	human.	
Much	more	serious	examples	of	this	were	in	the	realm	of	astrology	where	the	macrocos-
mic	world	of	the	stars	and	planets	shaped	the	microcosmic	world	of	humans.	It	was	this	
practical	aspect	of	magic	that	made	it	worthy	of	kingly	patronage	and	study.	Knowledge	
of	the	stars	represented	an	essential	astrological	advisory	position	for	almost	every	regal	
court,	because	it	let	the	king	know	what	the	heavens	foretold	in	battle	or	in	court	politics.


The Yates Thesis


In her book Giordano Bruno and the Hermetic Tradition (2002), Frances Amelia Yates (1899–1981) 
argued that the numerous threads of magical and mystical thought in the Scientific Revolution 
deserved serious scholarly attention. This came from the fact that magic was not merely a marginal 
preoccupation of the “mainstream of scientific thought in the 16th and 17th centuries but rather the 
definition of elements which somehow seemed constitutive of the very core of the scientific renewal 
of the early modern period” (Cohen, 1994, p. 170). Yates upheld the traditional view that mathemat-
ics, experiment, and mechanization were the central triumvirate of the Scientific Revolution. How-
ever, binding these together was the Hermetic tradition that shaped these three strands. As a result, 
her work became a “catalyst for the most dramatic upheaval in our conception of the birth of early 
modern science” since the early 20th century (Cohen, 1994, p. 172). 


Yates was inspired by the mythological tales of Hermes Trismegistus, the author of a centuries-old “Her-
metic” tradition of occult writings that attempted to define the “occult” qualities hidden in the natural 
world (Neusner, 1992). Many devout practitioners thought that once understood, this knowledge would 
lead to power and control over nature itself. According to Yates, there was a strong connection between 
Hermetic thought in the Renaissance and the emergence of early modern science. Hermes Trismegis-
tus is believed to have been a mythological Egyptian priest of antiquity. He is believed to have passed 
ancient knowledge of magic to Plato and Aristotle. Over the centuries, the Hermetic tradition changed, 
and interpretations in the Renaissance included magnetism, astrology, and alchemy (Yates, 2002). 


The main connection between the Hermetic tradition and the Scientific Revolution was humans’ divine 
powers to dominate nature, as well as an emphasis on the vital relationship between numbers and 
existence. This paved the way for the prominence of mathematics in science. These were examples by 
which magic seemed a real and powerful, albeit mysterious, force. Magnetism was the clearest realm in 
which one object could mysteriously interact with another through invisible forces across a distance.


Reflective Question:


1. Do you find the Yates Thesis persuasive that magic was one of the roots of the Scientific Revolution? 
Why or why not?


Another	practical	aspect	of	magic	was	that	it	gave	people	hope	in	times	of	desperate	life-	
threatening	uncertainty.	Throughout	Europe	in	the	16th	and	17th	centuries,	disease	and	
plagues	indiscriminately	killed	entire	families.	The	Black	Death	in	England	quickly	deci-
mated	some	communities	by	one-sixth,	and	the	medical	elite	of	the	time	had	no	answers.	
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Those	that	promised	magical	healing	and	witchcraft	offered	a	practical	answer	with	herbs,	
potions,	and	rituals.	As	seen	in	modern	medicine,	the	placebo effect	(or	the	power	of	posi-
tive	thinking)	often	has	a	real	restorative	effect	on	health	(Thomas,	1997).	As	a	result,	even	
if	the	underlying	premise	of	healing	magic	was	flawed	by	modern	medical	standards,	it	
offered	practical	hope	at	a	time	when	nothing	else	did.	It	was	this	practical	aspect	of	magic	
that	established	it	as	one	of	the	roots	of	modern	science.


Alchemy and Popular Culture


Alchemy	was	initially	a	magical,	empirical,	and	spiritual	practice	that	had	many	objec-
tives,	including	a	way	to	transform	common	metals	into	valuable	ones	like	gold	through	
the	use	of	a	philosopher’s stone.	This	magical	process	had	scientific	and	economic	ben-


efits	as	transmutation represented	a	potential	for	
power	and	wealth.	This	alluring	idea	remains	in	
our	fantasy	literature	today.


The	 alchemical	 literary	 tradition	 extends	 back	
for	centuries.	In	the	14th	century,	Chaucer,	in	his	
Canterbury Tales,	 told	 the	 story	 of	 the	 “Canon’s	
Yeoman”	and	a	fraudulent	alchemist	who	tricked	
the	gullible	to	give	them	their	gold.	However,	the	
tale	also	indicated	how	precise	the	practice	had	
become.	 Chaucer	 described	 the	 importance	 of	
determining	the	weight	of	substances,	grinding	
chemicals	 to	 a	 powder,	 and	 using	 earthen	 pots	
sealed	 with	 wax	 to	 prevent	 air	 from	 escaping.	
Alchemists	relied	heavily	upon	the	use	of	heat,	
uniting	 metals	 by	 melting	 them,	 and	 calcifying	
them.	There	were	several	individuals	who	played	
a	significant	role	in	this	development.


The	extent	to	which	Chaucer	wrote	of	alchemical	
principles	led	some	to	speculate	that	he	was	him-
self	a	practitioner.	While	this	type	of	experimen-
tation	never	uncovered	the	sought-after	ability	to	
transmute	common	substances	into	gold,	it	was	
this	type	of	exacting	measurement	and	investiga-
tion	of	natural	phenomena	that	played	a	key	role	
in	the	development	of	modern	chemistry.


Paracelsus
Alchemy,	like	other	aspects	of	magic,	had	a	tendency	to	oscillate	between	mysticism	and	
practical	value	(Baggett,	2004).	One	example	of	this	was	the	strange	career	of	a	physician	
and	alchemist	known	as	Paracelsus.


Paracelsus	(1493–1541)	was	born	Philippus	Aureolus	Theophrastus	Bombastus	von	Hohen-
heim	in	Switzerland,	and	from	an	early	age	he	was	interested	in	medicine.	While	he	did	


Equestrian portrait of Geoffrey Chaucer’s 
Canterbury Tales. Alchemy was mentioned 
throughout the tales, leading some to 
believe Chaucer was an alchemist. What do 
you believe?


Photos.com/Thinkstock
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become	a	physician,	in	later	life	he	exhibited	little	respect	for	others	who	practiced	medi-
cine.	As	a	result	he	took	a	new	name	for	himself,	Para-Celsus,	and	began	pursuing	alchemy.	 
As	mentioned	earlier,	at	the	time	alchemy	concerned	itself	with	transmuting	base	metals	
into	gold;	however,	practitioners	also	believed	that	alchemy	had	a	physiological	counter-
part.	It	was	to	this	link	between	healing	and	alchemy	that	Paracelsus	devoted	his	life.	Para-
celsus	called	his	new	approach	iatrochemistry	(iatro	means	“doctor”	in	Greek).	Within	this	
pursuit	he	used	the	“doctrine	of	signatures”	to	cure	disease,	which	consisted	of	investigat-
ing	the	relationship	between	the	four	earthly	essences	(air,	fire,	water,	and	earth)	and	the	
three	astral	essences	(salt,	sulfur,	and	mercury).	The	three	astral	essences,	also	called	the	tria 
prima, or	the	three	principles,	also	related	to	body,	soul,	and	spirit.	Paracelsus	believed	that	
combining	these	in	the	right	amounts	led	to	hidden	wisdom	and	power	over	nature	and	
disease	(Bowler	&	Morus,	2005).


Paracelsus	is	often	considered	the	“first	modern	medical	scientist”	and	a	forerunner	in	
wound	surgery	and	antisepsis	(Jacobi	&	Bollingen	Foundation	Collection,	1988,	p.	xlvii).	
Unlike	Galen	he	advocated	the	idea	that	a	disease	in	the	human	body	was	a	specific	thing	
and	not	the	product	of	imbalanced	humors.	His	alchemical	perspective	led	to	such	find-
ings	as	his	discovery	of	the	element	zinc.	Today,	historians	are	increasingly	recognizing	
Paracelsus’s	importance,	and	scholars	have	“significantly	reevaluated	and	elevated	Para-
celsus’s	place	in	medical	theory	and	practice,	traced	his	profound	influence	on	both,	and	
come	to	appreciate	him	as	a	systematic	thinker	rather	than	a	muddle-headed	mystic”	
(Lindemann,	2010,	p.	99).


Did You Know? Paracelsus and Literature


Paracelsus has inspired many in the literary field. In 1834 Robert Browning wrote a poem about Par-
acelsus’s life, telling the tale of what happens to a soul when it falls in love. Paracelsus also came to 
represent a symbol of occult knowledge, especially in Mary Shelley’s novel Frankenstein in which the 
mad Doctor Frankenstein invoked his name while attempting to uncover hidden scientific knowl-
edge. More recently, he appeared in the Harry Potter novels as a statue in the Hogwarts School of 
Witchcraft and Wizardry. Paracelsus was someone who “genuinely act[ed] as a prism for his time—
who separates out for us, as it were, the paradoxes, terrors, the tensions . . . [at the] dawn of the mod-
ern age . . . a world where magic was real” (Ball, 2006, pp. 4–5).


Giordano Bruno
About	20	years	after	the	death	of	Paracelsus,	Giordano	Bruno	(1548–1600)	continued	the	
merging	of	magic	into	what	we	might	consider	today	modern	science.	Bruno	was	an	
early	adopter	of	Copernican	theory	and	an	infinite	universe	and	was	also	a	devoted	pro-
ponent	of	a	magical	tradition	in	which	he	even	used	a	Copernican	heliocentric	chart	as	a	
talisman.	A	talisman	is	a	type	of	cookbook	used	by	occult	practitioners	that	gives	defini-
tive	steps	for	curing	disease,	defeating	enemies,	attracting	lovers,	or	living	a	long	life.	In	
part,	the	reason	that	Copernican	theory	and	the	Hermetic	tradition	seemed	to	blend	was	
the	centrality	of	the	sun.	The	worship	of	the	sun	predated	a	heliocentric	interpretation	
of	the	universe,	and	so	it	was	easier	for	practitioners	of	magic	to	accept	this	than	it	was	
for	others	who	were	convinced	Earth	was	the	center	of	the	universe.	Bruno,	however,	
expanded	the	Copernican	theory,	arguing	that	the	Sun	was	in	fact	a	star	and	that	there	
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was	an	infinite	number	of	stars	and	planets	paral-
lel	to	our	Sun,	Earth,	and	solar	system.


For	Bruno,	the	extent	to	which	he	publicized	these	
views	of	an	infinite	universe	led	to	a	very	differ-
ent	 result	 than	 it	 did	 for	 Galileo.	 Bruno	 vehe-
mently	defended	his	belief	that	the	Earth	moved	
around	the	Sun	and	that	the	Sun	itself	was	just	
one	 of	 many	 heavenly	 bodies.	 His	 pantheistic	
views	further	alienated	him	and	cast	him	as	an	
irreparable	heretic.	Though	the	Catholic	Church	
sentenced	Galileo	to	silence,	the	Roman	Inquisi-
tion	condemned	Bruno	to	death	in	a	public	execu-
tion	of	burning	at	the	stake.	Though	Dominican,	
Augustinian,	and	Franciscan	friars	begged	Bruno	
to	 recant	 prior	 to	 the	 execution,	 he	 remained	
steadfast	 to	his	 ideals.	As	a	result	 they	handed	
Bruno	 over	 to	 the	 lay	 brotherhood	 called	 the	
Confraternity	of	Saint	John	the	Beheaded,	giving	
him	companionship	and	a	final	meal	of	almond	
biscuits	and	Marsala	wine	on	the	morning	of	his	
execution.	As	historian	Ingrid	D.	Rowland	wrote,	
“Even	today,	Bruno’s	death	still	haunts	the	Catho-
lic	Church,	which	has	long	since	accepted	his	infi-
nite	universe”	(2009,	p.	13).	Bruno’s	brutal	end,	however,	did	not	discourage	others	from	
blending	magic,	religion,	and	science	in	their	investigation	of	nature.


John Dee
John	Dee	(1527–1609),	considered	Elizabethan	England’s	most	prominent	natural	philoso-
pher,	lived	in	roughly	the	same	period	as	Bruno	and	was	inspired	by	the	works	of	Paracel-
sus.	As	the	queen’s	philosopher,	Dee	used	a	magical	crystal	called	a	showstone	to	attempt	
to	learn	about	the	natural	world	by	conversing	with	angels.


Recent	scholarship	and	close	study	of	Dee’s	library	and	the	notes	that	he	left	in	the	mar-
gins	of	his	books	reveals	a	record	that	serves	as	a	mirror	of	the	times	in	which	he	lived.	
During	this	period,	England	was	under	great	stresses	from	a	vast	population	explosion	in	
London,	increasing	religious	divisions,	and	political	disagreements.	Dee	sought	to	iden-
tify	and	describe	a	natural	world	uncorrupted	by	the	culture	of	the	times	in	which	he	lived	
(Harkness,	1999).


Magic	enabled	Dee	to	begin	using	new	terms	for	defining	the	natural	world.	They	led	him	
to the practice of mathesis,	which	was	the	rigorous	and	magical	application	of	mathemat-
ics	to	the	natural	world.	This	included	the	metaphysical	belief	that	numbers	had	power	
in	the	universe.	For	example,	there	were	five	planets	because	of	the	correlation	to	the	five	
perfect	solids.	Dee	wrote	that	God	infused	nature	with	number	and	in	doing	so,	“pro-
duced	orderly	and	distinctly	all	things.”	The	result	was	that	for	Dee,	“Man	investigates”	
by	understanding	the	quantification	of	the	universe	and	the	numbers	embedded	within.


A bronze statue of Giordano Bruno now 
stands near his execution place at the 
Campo de’ Fiori. Each year on February 17, 
supporters gather to celebrate his life.


Hemera/Thinkstock
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4.2 Constructing Modern Science


In	the	17th	century,	scientists	entwined	mechanism	and	experimentation	into	the	fabric	of	the	times,	and	these	became	the	foundations	of	the	Scientific	Revolution.	The	mech-anistic view	of	the	universe—the	idea	that	nature	was	a	vast	impersonal	machine—
was	the	primary	way	that	scientists	interpreted	the	world	around	them.	They	also	used	
new	technologies	to	investigate,	inspect,	and	measure	nature	itself,	such	as	telescopes	for	
the	cosmological	wonders	far	above	and	microscopes	for	the	tiny	universe	hidden	within.	
Scientists	also	used	a	formerly	neglected	technique	to	investigate	and	quantify	natural	
phenomena—the	experiment.	Remarkably,	it	was	not	until	the	Scientific	Revolution	that	
experimentation	became	the	primary	way	for	scientists	to	gather	data,	prove	and	disprove	
theories,	and	attempt	to	objectively	replicate	the	wonders	of	the	world	within	the	confines	
of	a	controlled	laboratory.


Two	main	ideologies	of	the	Scientific	Revolution	have	been	defined:	the	Platonic-Pythag-
orean tradition,	in	which	scientists	conceived	of	the	universe	in	geometrical	or	mathemat-
ical	terms,	and	the	idea	that	the	universe	was	analogous	to	a	gigantic	machine	(Westfall,	
1977).	We	have	already	seen	an	example	of	the	Platonic-Pythagorean	tradition	in	Kepler’s	
notion	of	perfect	solids	and	the	harmony	of	the	spheres	(see	Section	3.4).	With	this	per-
spective	scientists	believed	that	they	could	uncover	mathematical	laws	that	could	explain	
everything	from	the	motions	of	planets	to	the	pressure	of	the	air	on	Earth.	In	the	second	
trend,	the	job	of	the	scientist	was	to	discern	the	invisible	mechanism	behind	natural	occur-
rences.	While	this	is	a	continuing	example	of	the	significant	role	that	magic	played	on	the	
development	of	modern	science,	the	occult	explanations	began	diminishing.


Despite	these	two	dominant	trends	working	to	shape	the	entire	era,	it	is	believed	that	
they	were	not	always	working	harmoniously	with	each	other.	Those	who	followed	the	
Pythagorean	tradition	focused	their	attentions	almost	exclusively	upon	developing	exact	
mathematical	descriptions	of	the	universe.	Those	who	adhered	to	a	mechanical	philoso-
phy	were	far	more	concerned	with	the	causes	of	natural	phenomena.	Playing	a	role	in	this	
was	an	increasing	reliance	on	experimentation,	which	in	many	ways	was	able	to	satisfy	
both	those	looking	for	hidden	causes	and	those	searching	for	mathematical	descriptions	
of	the	universe.	In	the	following	examples,	we	will	see	the	ways	that	these	two	dominant	
trends	interacted	with	the	investigations	of	the	invisible	forces	of	magnetism,	the	pressure	
of	air,	and	the	circulation	of	blood.	Though	in	the	17th	century	scientific	specialization	did	
not	yet	exist,	these	investigations	formed	the	foundations	for	the	future	fields	of	physics,	
chemistry,	and	biology.


Magnetism


Magnetism was	one	of	the	most	perplexing	and	compelling	examples	of	the	mysterious	
hidden	forces	in	nature.	How	could	certain	metals	attract	and	repel	others	at	a	distance,	
moving	iron	filings	into	patterns,	as	if	some	magical	unseen	force	was	compelling	them	
to	obey?	English	doctor	William	Gilbert	(1544–1603)	devoted	a	great	deal	of	his	life	to	
questions	like	these.	In	1600	he	published	a	book	called	 De Magnete (On the Magnet)	
that	became	one	of	the	most	significant	treatises	in	the	Scientific	Revolution.	One	of	
Gilbert’s	theses	was	that	Earth	itself	was	a	giant	magnet	and,	therefore,	operated	on	
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the	same	basic	principle	as	the	small	magnets,	
called	lodestones,	that	Gilbert	experimented	on.	
This	included	the	idea	that	the	Earth	had	north	
and	south	“poles”	that	were	magnetic	in	nature.	
Gilbert	began	his	investigations	by	collecting	all	
known	information	about	magnets.	He	believed	
by	gathering	this	data	he	could	eventually	pro-
pose	theories	as	to	how	and	why	magnets	acted	
as	 they	 did.	 Therefore,	 Gilbert	 was	 important	
not	only	for	advancing	the	idea	of	the	Earth	as	
a	magnet	but	also	for	developing	his	experimen-
tal	approach.	As	one	observer	wrote,	“The	man-
ner	 in	 which	 Gilbert	 invokes	 experiment	 both	
to	 interrogate	 opinions	 about	 the	 behavior	 of	
the	magnet	and	to	sustain	his	novel	philosophy	
was	also	bold	in	1600,	a	time	when	experimental	
practice	 was	 still	 widely	 regarded	 with	 suspi-
cion”	(Baigrie,	2007,	p.	8).


Gilbert	also	developed	very	precise	instructions	for	
the	importance	of	experimentation.	He	described	
in	great	detail	the	experiments	that	he	and	other	
investigators	devised	and	wanted	his	readers	to	
replicate	them.	But,	replication	required	a	skilled	
practitioner	or	the	results	would	be	meaningless.	
He	wrote,	“Let	whosoever	would	make	the	same	


experiments,	handle	the	bodies	carefully,	skillfully	and	deftly,	not	heedlessly	and	bun-
glingly”	(Gilbert,	1958,	p.	xlix).	Certainly	this	is	essential	advice	for	scientists	of	any	era.


Ultimately,	what	was	Gilbert’s	significance?	He	made	scientific	advancements,	and	his	
emphasis	on	the	central	role	of	experimentation	became	a	hallmark	of	modern	science.	
De Magnete	contained	the	“seeds	of	revolution”	and	marked	a	transition	point	in	the	his-
tory	of	science—from	a	philosophical	pursuit	to	one	based	on	experience	and	on	that	very	
“special	variety	of	experience	which	is	a	direct	interrogation	of	nature	by	experiment”	
(Cohen,	1985,	p.	135).


Air Pressure


One	of	the	central	debates	during	the	Scientific	Revolution	was	whether	a	vacuum	could	
exist.	In	scientific	terms,	a	vacuum	is	a	contained	space	in	which	no	air	exists.	Since	antiq-
uity,	Aristotle’s	view	had	predominated,	summarized	in	his	famous	aphorism	that	“nature	
abhors	a	vacuum.”	Through	the	Middle	Ages,	scholars	accepted	this	Aristotelian	wisdom	
as	fact,	but	in	the	Scientific	Revolution	many	began	questioning	the	great	master	(Grant,	
2004,	p.	196).


In	the	17th	century,	Italian	physicist	and	mathematician	Evangelista	Torricelli	(1608–1647),	
a	student	of	Galileo’s,	ran	experiments	using	a	glass	tube	and	mercury.	He	sealed	the	glass	
tube	on	one	end	and	filled	it	with	mercury.	He	then	inverted	the	tube	and	placed	the	open	


Pictured is the cover page from a 1628 
edition of William Gilbert’s book De 
Magnete (On the Magnet), originally 
published in 1600. The book explained 
magnetic theory.
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end	in	a	basin	that	was	also	filled	with	mercury.	
The	entire	column	of	mercury	did	not	run	out,	but	
instead	fell	to	about	76	cm,	leaving	an	open	space	
at	the	top.	What	was	inside?	Could	it	be	the	vac-
uum	that	Aristotle	claimed	nature	abhorred?	Tor-
ricelli	continued	his	investigations	and	found	that	
the	column	of	mercury	fluctuated	with	different	
atmospheric	conditions,	and	his	tube	thus	became	
the	world’s	first	barometer.


“Torricelli’s	tube”	measured	the	air	pressure	and	
became	 a	 vital	 tool	 for	 predicting	 the	 weather.	
A	 falling	 barometer	 (mercury	 lowering)	 meant	
a	decrease	 in	air	pressure	and	a	coming	storm.	
A	rising	barometer	(mercury	rising	in	the	tube)	
meant	an	 increase	of	air	pressure	and	typically	
a	period	of	fairer	weather.	Torricelli	gained	great	
fame	with	his	invention	and	famously	exclaimed,	
“We	live	submerged	at	the	bottom	of	an	ocean	of	
air”	(Coopersmith,	2010,	p.	53).	As	remarkable	as	
the	Torricelli	barometer	was,	scientists	were	still	
unsure	of	what	was	actually	in	the	empty	space	at	
the	top	of	the	tube.


On	the	other	side	of	the	vacuum	controversy	was	
Thomas	Hobbes	(1588–1679),	an	English	philoso-
pher	who	in	1651	wrote	 Leviathan, an influential 
work	of	political	philosophy.	Hobbes	believed	that	nature	was	a	plenum,	or	a	space	that	is	
full	of	matter,	and	like	Aristotle	before	him,	he	argued	that	a	vacuum	could	not	exist.	Hobbes	
exemplified	the	era	of	natural	inquiry	because	he	formulated	ideas	without	attempting	to	
prove	or	disprove	them	through	experimentation.


It	 was	 Irish	 physicist	 and	 chemist	 Robert	 Boyle	 (1627–1691),	 however,	 who	 not	 only	
proved	what	existed	(or	did	not	exist)	inside	the	empty	space	of	Torricelli’s	tube	but	also	
more	firmly	established	experimentation	as	the	fundamental	aspect	of	the	modern	scien-
tific	method.	This	was	another	vital	point	in	the	transition	between	natural	philosophy	
and	the	establishment	of	the	basic	tenets	of	modern	science.


Boyle	attempted	to	prove	his	ideas	in	a	public	fashion	with	experiments	conducted	at	
London’s	Royal	Society.	He	was	convinced	that	a	vacuum	existed	and	used	experiments	
with	a	controversial	new	device	called	the	air pump	to	prove	it.	As	the	name	implies,	an	
air	pump	removes	the	air	from	a	sealed	container,	thereby	creating	a	vacuum.	First	devel-
oped	in	1654	by	Otto	von	Guericke	(1602–1686),	air	pumps	were	controversial	simply	
because	people	like	Hobbes	so	strongly	argued	that	a	vacuum	could	not	exist.


Using	the	air	pump,	Boyle	discovered	that	animals	died,	candle	flames	disappeared,	and	
sound	disappeared;	he	published	his	results	in	his	1660	book,	New Experiments Physico-
Mechanical, Touching the Spring of the Air, and Its Effects.	His	use	of	the	term	spring	is	what	
we	now	call	air	pressure.	In	one	of	his	more	famous	and	dramatic	experiments,	he	placed	


Using a glass tube, a basin, and mercury, 
Italian scientist Evangelista Torricelli 
invented the barometer.
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live	animals	in	the	air	pump.	Boyle	recorded	
the	results	of	the	experiment:	“[T]he	bird,	for	
a	while	appear’d	lively	enough,	but,	upon	a	
greater	exsuction	of	the	air,	she	began	mani-
festly	to	droop	and	appear	sick;	and,	very	soon	
after,	was	 taken	with	as	violent,	and	 irregu-
lar	 convulsions,	 as	 are	 observed	 in	 poultry,	
when	their	heads	are	wrung	off”	(Boyle,	Shaw,	
Osborn,	 Longman,	 Innys,	 &	 Innys,	 1725,	 p.	
461).	This	result	proved	two	things.	First,	liv-
ing	creatures	required	air	for	respiration,	and	
second,	 the	 air	 pump	 created	 a	 vacuum	 in	
which	no	air	existed.	Though	the	air	pumps	
were	 notoriously	 difficult	 to	 use	 and	 main-
tain,	they	became	the	symbol	of	science	in	the	
17th	century	as	they	represented	the	value	of	
experimentation,	 mechanization,	 and	 repeat-
able	public	demonstrations	(Burns,	1997).


The Circulation of Blood


William	Harvey	(1578–1657),	an	English	phy-
sician,	discovered	the	true	nature	of	the	circu-
lation	of	the	blood.	He	became	a	physician	at	
the	University	of	Padua	in	Italy,	graduating	in	
1602.	He	returned	to	England,	where	he	con-
tinued	his	studies	and	later	took	a	position	at	
St.	Bartholomew’s	Hospital.	His	abilities	soon	
brought	him	to	the	attention	of	King	James	I,	
and	in	1618,	Harvey	became	the	king’s	physi-
cian	and	served	both	King	James	I	and	King	


Charles	I.	In	1628,	he	published	a	short	treatise	called	De Motu Cordis (On the Motion of the 
Heart and Blood),	and	it	quickly	spread	to	the	leading	medical	centers	in	Europe.	Thomas	
Hobbes	wrote	of	his	friend	that	he	was	“the	only	man	that	I	know	of	who	.	.	.	established	a	
new	doctrine	within	his	own	lifetime”	(Applebaum,	2008,	p.	451).


Harvey	incorporated	the	ideas	of	mechanism	and	experiment	into	the	study	of	the	human	
heart.	His	experiments	included	the	practice	of	vivisection,	which	was	like	dissection	but	
performed	on	living	creatures,	such	as	dogs.	Harvey	wrote,	“When	I	first	gave	my	mind	
to	vivisections,	as	a	means	of	discovering	the	movements	and	uses	of	the	heart	.	.	.	I	found	
the	task	so	truly	arduous,	so	full	of	difficulties	.	.	.	that	I	was	almost	tempted	to	this	.	.	.	that	
the	movement	of	the	heart	was	only	to	be	comprehended	by	God”	(Harvey,	1894,	p.	20).	
However,	he	continued	his	investigations	and	concluded	that	blood	circulated	throughout	
the	body,	with	the	heart	as	a	pump,	causing	the	blood	to	flow	into	the	arteries.	He	identified	
two	types	of	circulation:	a	pulmonary circulation	to	the	lungs	from	the	heart’s	right	ven-
tricle,	and	a	systemic circulation	through	the	rest	of	the	body,	produced	by	the	pumping	of	
the	heart’s	left	ventricle.	His	experiments	included	numerous	quantitative	studies	in	which	
he	measured	the	amount	of	blood	pumped	by	the	heart.	He	also	devised	rope	or	ligature	


This illustration shows an air pump built for 
Robert Boyle. Why do you think his public 
experiments were controversial? Why were 
they important?


Photos.com/Thinkstock








87


CHAPTER 4Section 4.3 Where Were Experiments Done?


experiments	in	humans	in	which	he	tied	the	arm	
tightly	to	restrict	the	flow	of	blood	and	recorded	
the	 sensations	 of	 his	 patients.	 For	 example,	 he	
wrote,	“He,	too,	upon	whose	arm	the	experiment	is	
made,	when	the	ligature	is	slackened,	is	distinctly	
conscious	of	a	sensation	of	warmth,	and	of	some-
thing,	[like]	a	stream	of	blood	suddenly	making	its	
way	along	the	course	of	the	vessels	and	diffusing	
itself	through	the	hand”	(Harvey,	1894,	p.	60).


Along	with	experiment,	Harvey	also	attempted	to	
mathematically	calculate	the	amount	of	blood	that	
the	heart	could	hold	and	how	much	it	discharged	
during	a	 typical	hour	 (French,	1994).	While	his	
predictions	were	extremely	accurate	based	on	our	
present	understanding,	his	key	finding	was	that	
the	heart	appeared	to	discharge	more	blood	into	
the	arteries	in	a	half	hour	than	was	contained	by	
the	entire	body.	He	concluded	that	the	only	way	
this	could	happen	is	if	the	blood	returned	to	the	
heart	itself.	Thus,	the	blood	circulated,	with	the	
heart	acting	like	a	machine,	or	a	mechanical	pump.	
It	was	in	this	way	that	Harvey’s	theories	encapsu-
lated	the	predominant	ideas	of	the	17th	century—
mathematics,	mechanism,	and	experimentation.


4.3 Where Were Experiments Done?


Science	is	a	social	activity,	and	today	results	are	announced	at	conferences	hosted	by	scientific	societies	or	published	in	scientific	journals.	Neither	of	these	types	of	com-munication	was	available	to	17th-century	experimenters,	but	they	did	recognize	the	
value	of	exposing	their	work	to	a	wider	audience.	Notable	scientists	published	books	
after	years	of	work	and	performed	some	public	demonstrations.	But	the	issue	leads	to	this	
question:	In	what	settings	were	science	experiments	performed?


Home Laboratories


While	today	the	scientific	 laboratory	 is	 the	place	of	experimentation,	 this	was	a	term	
barely	in	use	at	the	start	of	the	17th	century.	Scientists	performed	experiments	in	private	
and	open	only	to	those	invited.	This	was	a	significant	problem	because	one	of	the	fun-
damental	aspects	of	experimentation	is	that	the	results	are	open	and	communicated	to	a	
wide	public	audience.	By	the	middle	of	the	17th	century,	the	location	of	experimentation	
began	to	shift	from	private	homes	to	such	places	as	instrument	maker’s	shops	and	cof-
feehouses,	but	still	the	private	residence	was	the	central	locus	of	experimental	activity.	
Examples	included	private	gatherings	at	such	places	as	physician	William	Petty’s	apart-
ment	in	Oxford,	England,	where	he	formed	the	Experimental	Philosophy	Club	in	1649.	


This engraving from William Harvey’s text 
reveals his discovery of the circulation of 
blood. Shown here is the flow of blood 
through the veins of the lower arm.
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Located	above	an	apothecary’s	shop,	the	apartment	served	as	a	convenient,	though	pri-
vate,	location	for	experiments	in	chemical	medicine	(McCormick,	2009).	Though	Petty	is	
a	less	well-known	scientist	of	this	era,	some	more	influential	scientists,	such	as	Robert	
Boyle,	also	had	laboratories	in	their	homes.	These	were	the	forerunners	of	the	first	official	
scientific	community,	the	Royal	Society	of	London.


The Royal Society 


The	Royal	Society	also	marked	a	transition	point	between	the	private	and	the	more	pub-
lic	nature	of	scientific	experimentation.	The	society	was	founded	in	1660	when	a	group	
of	12	scientists	met	at	Gresham	College	after	a	lecture	by	Christopher	Wren	(1632–1723).	
Wren,	known	now	mostly	for	his	architecture,	was	at	that	time	a	professor	of	astronomy	at	


Gresham.	This	first	scientific	soci-
ety	became	the	“authoritative	cen-
ter	for	natural	knowledge”	(Johns	
&	 American	 Council	 of	 Learned	
Societies,	 1998,	 p.	 465),	 and	 its	
members	 had	 a	 goal	 of	 building	
a	 location	 devoted	 to	 scientific	
experimentation;	however,	for	the	
first	 half	 century	 of	 the	 society’s	
existence,	gatherings	took	place	at	
members’	homes.


The	Royal	Society	was	essential	in	
its	time	for	promoting	correspon-
dence	among	scientists,	publishing	
its	 journal	 called	 the	 Philosophical 
Transactions of the Royal Society, the 
first	of	all	scientific	 journals,	and	
forming	a	society	of	distinguished	
members	(Hunter,	1981).	The	com-
bining	of	the	scientific	society	with	


the	scientific	journal	resulted	in	the	revolutionary	establishment	of	a	“formal	information	
network”	(Cohen,	1985,	p.	82).	This	network	was	absolutely	necessary	at	this	time	primar-
ily	because	the	scientific	establishment	had	grown	so	large	that	it	reached	a	“critical	mass”	
in	1650.	The	solution	was	the	scientific	society	and	journal,	which	promised	to	manage	
the	“torrent	of	literature	that	had	begun	to	flow	from	printing	presses	all	over	the	world”	
(Pyenson	&	Sheets-Pyenson,	1999,	p.	219).	This	was	not	the	first	such	network.	Others	had	
existed	previously	in	the	form	of	correspondence	circles	among	intellectuals.


The	Royal	Society’s	network	in	London	was	not	simply	about	fostering	and	communicat-
ing	new	ideas	but	also	about	how	to	respond	to	the	problem	of	too	much	information.	
Historian	Derek	J.	de	Solla	Price	argued	that	the	Philosophical Transactions of the Royal Soci-
ety emerged	to	manage	what	scientists	were	beginning	to	view	as	information	excess.	He	
wrote	that	the	main	purpose	of	this	journal	was	in	“monitoring	and	digesting	the	learned	
publications	and	letters	that	were	now	too	much	for	one	man	to	cope	with	in	his	daily	
reading	and	correspondence”	(Price,	1986,	p.	15).	This	sense	of	being	unable	to	cope	with	


The Royal Society of London met at Gresham College from 
its founding on November 28, 1660, until about 1710.
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scientific	publications	was	shared	by	one	of	the	Royal	Society’s	most	prominent	mem-
bers.	German	mathematician	Gottfried	Wilhelm	Leibniz	described	what	he	believed	was	
a	serious	problem	for	the	future	of	science	itself.	In	1680,	Liebniz	wrote:	“[P]eople	may	be	
disgusted	with	the	sciences	.	.	.	.	To	which	result	that	horrible	mass	of	books	which	keeps	
on	growing	might	contribute	very	much.	For	in	the	end	the	disorder	will	become	nearly	
insurmountable;	the	indefinite	multitude	of	authors	will	shortly	expose	them	all	to	the	
danger	of	general	oblivion”	(Leibniz	&	Wiener,	1951,	pp.	29–30).	New	technologies	were	
often	the	catalyst	for	an	explosion	of	new	information,	and	one	of	the	most	significant	was	
the	microscope	(see	Section	3.1).


The Mechanical Clock


How did the public come to understand some of the esoteric theories emerging from the minds of the 
scholars in the Scientific Revolution? One way was through the proliferation of the mechanical clock. 
If nature was a vast machine, what better metaphor for it than a device that quantified time through a 
series of interlocking gears (Blackburn, 1991)? The attempt to track time was nothing new, as devices 
such as sundials and water clocks had existed since ancient times. However, these devices were prob-
lematic in Europe: when it was cloudy (which it often was), a sundial was worthless, and in the cold 
weather water clocks simply froze. A geared mechanism had no such drawbacks, and the first mechan-
ical clocks emerged in 13th-century monasteries as a way to better regulate the hours of prayer. Slowly 
the techniques improved, and larger cities began constructing clock towers in the 14th century with 
bells and chimes to mark the passage of each hour. It was not until the Scientific Revolution that peo-
ple began to carry pocket and wrist watches. This was culturally significant because it was as if a piece 
of the mechanical universe became a part of each person’s body. This quantification of time through 
a mechanical device changed the patterns of life itself as businesses could set specific start and end 
times for their workers and impose much greater order to their days. As one scholar wrote, the clock is 
“the symbol of the process of European modernization, and for describing the experience of mental 
differences between the old European and the modern world” (Dohrn-van Rossum, 1996, p. 3). 


Reflective Questions:


1. In what ways does the quantification of time influence your day?
2. How often do you “check the time” in the course of a 24-hour period? How would your life be differ-


ent without this capability? 


4.4 The Era of Isaac Newton


Born	on	Christmas	Day	in	the	year	that	Galileo	died,	Isaac	Newton	(1642–1727) repre-sented	the	pinnacle	and	the	conclusion	of	the	Scientific	Revolution.	His	books,	such	as	Principia, Optics,	and	A Treatise of the System of the World,	are	examples	of	the	most	
profound	scientific	thought	ever	produced	by	one	person	(Newton,	1687;	Newton,	1704;	
Newton,	1728).


Newton	established	classical	mechanics	with	his	theory	of	universal	gravitation	and	laws	
of	motion,	and	he	proved	beyond	all	doubt	that	the	Earth	revolved	around	the	Sun.	He	
was	a	brilliant	mathematician	and	independently	codiscovered	differential	and	integral	
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calculus.	 He	 explored	 the	 mysteries	 of	 light	 to	
demonstrate	that	it	was	composed	of	all	the	col-
ors	 of	 the	 visible	 spectrum.	 He	 also	 forcefully	
argued	that	 light	was	not	a	wave	 like	water	 in	
an	ocean	(as	was	previously	thought).	Seeing	no	
conflict	between	religion	and	science,	throughout	
his	life	Newton	devoted	more	of	his	words	to	reli-
gion	than	to	“mathematics,	more	even	than	the	
physics	and	astronomy	that	made	him	immortal”	
(Christianson,	2005,	pp.	60,	62).	In	fact,	he	wrote	
approximately	1,400,000	words	on	religion,	many	
in	support	of	Unitarian	Christianity	and	against	
the	Catholic	Church’s	trinitarianism.


In	1676	Newton	reiterated	a	common	aphorism	
in	a	letter	to	Robert	Hooke:	“If	I	have	seen	far-
ther,	it	is	by	standing	on	the	shoulders	of	giants”	
(Merton,	1965,	p.	xx).	The	giants	to	whom	he	was	
referring	were	the	great	scientists	who	preceded	
him	 such	 as	 Copernicus,	 Brahe,	 Kepler,	 and	
Galileo.	 He	 knew	 that	 without	 them,	 his	 own	
research	would	not	have	revealed	as	much	as	it	
did	about	the	natural	world.	As	contemporary	
physicist	 Stephen	 Hawking	 wrote,	 Newton’s	
words	to	Hooke	are	an	“apt	comment	on	how	
science,	and	indeed	the	whole	of	civilization,	is	a	series	of	incremental	advances,	each	
building	on	what	went	before”	(Hawking	&	Galilei,	2002,	p.	ix).


Discovering Calculus


In	the	summer	of	1661,	Newton	arrived	at	Trinity	College	(part	of	Cambridge	University).	
He	was	not	thoroughly	engaged	in	the	curriculum	and	finished	few	(if	any)	of	his	text-
books,	preferring	instead	to	purchase	personal	copies	of	Galileo’s	Dialogues	and	works	by	
other	scientists	such	as	Robert	Boyle	and	philosophers	such	as	Descartes.	It	was	at	this	
time	that	he	began	“standing	on	the	shoulders	of	giants,”	as	he	would	later	phrase	it.	He	
thus	began	his	life	as	a	solitary	scholar,	locking	himself	in	his	room,	focusing	on	math-
ematics	and	science.	While	alone	in	his	room,	without	any	formal	mathematical	training,	
Newton	invented	calculus.	Calculus	was	a	new	mathematical	system	for	solving	specific	
types	of	complex	problems,	which	included	determining	lengths,	areas,	and	volumes	of	
curves	and	the	spaces	under	them.	Calculus	enabled	the	establishment	of	mathematical	
physics	and	today	is	used	extensively	in	almost	every	scientific	and	engineering	profes-
sion	(Stillwell,	2010).	Calculus	was	“the	grand	synthesis	by	which	modern	physical	sci-
ence	would	be	made	possible”	(Berlinski,	2002,	p.	26).	This	is	what	emerged	from	New-
ton’s	solitary	mind.


Actually,	there	was	a	priority	dispute	over	the	creation	of	calculus	between	Newton	and	
German	mathematician	Gottfried	Wilhelm	Leibniz	(1646–1716).	While	intensely	debated	at	


Sir Isaac Newton not only established classical 
mechanics and showed that the Earth 
revolved around the Sun but also explored the 
properties of the light spectrum.
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the	time,	today	it	is	known	that	they	both	independently	invented	calculus	without	contact	
with	each	other.	Though	Newton	defined	calculus	and	sent	some	manuscripts	about	it	to	
acquaintances	in	the	1660s,	he	did	not	publish	it	for	a	wider	audience	until	the	early	1700s.	
By	this	time,	Leibniz	had	been	publishing	his	calculus	for	over	a	decade.	Historian	I.	B.	
Cohen	wrote,	“A	compelling	case	can	be	made	that	the	full	range	and	depth	of	[Newton’s]	
achievements	in	mathematics	became	evident	only	in	the	twentieth	century	with	the	publi-
cation	of	the	eight	magisterial	volumes	of	his	mathematical	papers”	(Cohen	&	Smith,	2002,	
p.	20).	It	is	a	testament	to	his	prodigious	abilities	that	we	are	still	assessing	his	significance.


Terrestrial Mechanics


If	Newton’s	mathematical	legacy	was	somewhat	hidden	until	the	20th	century,	his	work	
in	physics	gave	him	the	acclaim	he	deserved	in	his	lifetime.	One	area	in	which	Newton	
made	a	tremendous	contribution	was	terrestrial mechanics,	or	the	study	of	motion	of	
objects	on	Earth.


Aristotle	argued	that	only	four	types	of	materials	
composed	all	matter—earth,	air,	fire,	and	water—
and	said	that	each	of	them	had	a	desire	to	“seek”	
its	own	natural	place	of	existence.	According	to	
Aristotle,	the	natural	location	for	a	rock	is	down,	
and	so	if	someone	picked	up	a	rock	and	threw	it	
into	the	sky,	the	rock	considered	this	a	“violent”	
motion	 and	 slowly	 stopped,	 changed	 direction,	
and	resumed	its	“natural”	motion	until	it	fell	to	
Earth.	These	types	of	 forces	and	interpretations	
of	motion	dominated	for	millennia.	It	was	Gali-
leo	 who	 first	 began	 applying	 a	 modern	 experi-
mental	method	to	the	study	of	objects	in	motion.	
He	 maintained	 some	 of	 the	 “qualitative”	 ideas	
of	Aristotle,	such	as	the	“tendency”	of	a	body	to	
remain	 in	motion	unless	an	outside	force	acted	
upon	it.	This	tendency	was	an	essential	compo-
nent	of	what	he	called	“inertia.”


Newton	 transformed	 these	 notions	 by	 remov-
ing	all	“tendencies”	from	objects	in	motion	and	
replacing	 them	 with	 purely	 mathematical	 and	
mechanical	 definitions.	 In	 1687,	 he	 published	
his	 Philosophiæ Naturalis Principia Mathematica 
(known	today	as	Newton’s	Principia).


Did You Know? The Language of Scholarship


Until about the 18th century, most books were published in Latin, which was believed to be the lan-
guage of scholarship.


The title page from Isaac Newton’s 
Philosophiæ Naturalis Principia Mathematica.
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In	the	three	separate	“books,”	or	sections,	of	his	Principia,	Newton	devised	an	entirely	
new	way	of	analyzing	motion	not	just	on	Earth	but	throughout	the	universe,	and	Aristo-
telian	qualitative	forces	had	no	role.	In	book	one	Newton	laid	out	his	three	famous	laws	
of	motion.	The	first	was	his	principle	of	inertia	in	which	he	said	that	every	object	either	
remains	at	rest	or	in	motion	along	a	straight	line	unless	an	outside	force	acts	upon	it.	His	
second	law	was	a	simple	equation	stating	that	force	equals	mass	times	acceleration.	This	
meant	that	the	weaker	the	force	the	less	the	change,	and	the	greater	the	force	the	more	
significant	the	change.	Newton’s	third	law	of	motion	stated	that	for	every	action	there	is	
an	equal	and	opposite	reaction.	Think	of	a	billiard	ball	and	the	game	of	pool.	If	you	are	a	
good	player	you	know	exactly	the	angle	and	force	needed	to	be	applied	to	the	cue	ball	so	
that	it	hits	another	ball	at	rest,	causing	that	ball	to	move	with	an	equal	and	opposite	reac-
tion	(Van	Doren,	1991).	The	first	part	of	the	Principia was	also	significant	for	what	Newton	
called	the	“inverse	square	law.”	This	had	to	do	with	gravitational	attraction	between	two	
bodies,	and	he	proved	that	bodies	attract	each	other	with	a	force	that	is	inversely	propor-
tional	to	the	square	of	their	distance	apart.


In	the	second	part	of	the	Principia, Newton	looked	at	ways	that	bodies	move	through	flu-
ids.	Then	in	the	final	book	he	applied	everything	previously	discussed	about	terrestrial	
motion	and	applied	it	to	the	entire	universe.	The	same	force	which	causes	an	apple	to	fall	
from	a	tree	(gravitation)	also	describes	the	motion	of	the	planets	and	the	sun	in	the	solar	
system	(Westfall,	1983).


The Nature of Light


While	Newton’s	success	in	the	area	of	terrestrial	mechanics	alone	would	easily	equate	
to	a	Nobel	Prize–winning	career	in	physics	today,	he	was	by	no	means	done	with	his	
groundbreaking	work.	Newton	turned	his	attention	to	the	perplexing	problem	of	light.	
In	our	daily	lives	we	do	not	often	think	about	the	nature	of	light,	and	when	we	do	we	are	
only	concerned	about	whether	it	is	bright	enough	for	us	to	see	our	work	or	dark	enough	
to	sleep.	Newton	had	a	far	more	pressing	question.	What	was	light	itself?	This	represented	
the	heart	of	one	of	the	most	important	scientific	debates	at	the	time	(a	debate	that	had	been	
going	on	for	centuries)	and	resulted	in	one	of	the	most	significant	theories	in	the	history	of	
physics	(Holton	&	Brush,	2001).


There	were	three	possible	explanations	of	the	nature	of	light—corpuscles,	waves,	or	a	
combination	of	both.	At	first,	with	the	mechanical	notion	of	the	universe	the	prevailing	
philosophy	of	the	time,	many	concluded	that	light	traveled	as	infinitesimally	small	parti-
cles,	known	as	corpuscles	(Shectman,	2003).	Soon	came	a	competing	theory,	known	as	the	
wave	theory	of	light,	by	Robert	Hooke	(1635–1703)	and	Christian	Huygens	(1629–1695).	
Huygens	argued	that	light	could	not	be	corpuscular	because	if	it	was,	then	if	one	person	
looked	at	another	straight	in	the	eye,	the	particles	should	bounce	off	each	other	and	nei-
ther	eye	should	see	the	other.	Therefore,	he	concluded	that	light	was	like	a	wave	of	water	
in	the	ocean,	or	a	wave	of	sound.	Newton	had	his	own	ideas	about	the	nature	of	light	and	
let	the	world	know	in	his	1704	book,	Optics.	Newton	had	made	some	remarkable	discover-
ies.	For	example,	by	using	a	prism,	a	glass,	pyramid-shaped	device	to	separate	white	light	
into	colors,	he	realized	that	light	itself	was	not	a	pure	substance,	but	instead	made	up	of	
a	rainbow	of	colors.	He	discovered	that	one	prism	could	create	the	rainbow,	and	then	by	
adding	a	lens	and	a	second	prism,	he	could	transform	the	rainbow	back	into	a	white	light.
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First	Newton	argued	from	a	purely	observational	perspective	that	light	must	have	a	par-
ticle	component	because	it	reflected	off	a	mirror.	Only	particles	had	the	ability	to	reflect	
like	that,	not	waves.	Other,	more	concrete	experiments	proved	his	contention.


The	first	experiment	was	Newton’s	rings,	 in	which	he	placed	a	 lens	on	a	glass	slide.	
This	resulted	in	curious	rings	of	light	under	the	lens,	and	he	found	that	the	only	way	to	
describe	them	was	that	sometimes	the	lens	reflected	the	light	and	other	times	allowed	its	
transmission	 through	 the	 lens.	
Newton	 concluded	 that	 cor-
puscles	of	light	vibrated	the	sur-
rounding	aether	in	such	a	way	
that	it	caused	both	conditions	of	
transmission	and	reflection.


Newton	 also	 investigated	 the	
phenomenon	 of	 sunlight	 pass-
ing	 through	 a	 small	 hole	 in	 a	
dark	room.	This	was	Newton’s	
diffraction	 experiment.	 He	
placed	a	screen	behind	the	hole	
and	found	not	a	simple	pinhole	
of	light,	but	instead	a	tiny	rain-
bow	of	colored	bands	around	the	
edges.	 Newton	 again	 used	 his	
particle	 philosophy	 to	 explain	
that	 a	 density	 variation	 in	 the	
aether	caused	the	light	particles	
to	refract	differently.


4.5 Thomas Kuhn and the Progress of Science


A	larger	question	about	the	nature	of	science	itself	emerges	from	this	discussion	of	light	and	the	debate	over	whether	it	is	a	particle,	a	wave,	or	both.	How	does	sci-ence	change	from	one	model	to	the	other,	and	in	some	cases	such	as	light,	from	
one	to	another	and	then	back	again?	This	question	gets	to	the	heart	of	the	fundamental	
nature	of	science	itself	and	whether	or	not	it	represents	a	continuous	body	of	progressive	
knowledge	or	something	else.	In	an	attempt	to	provide	one	answer	to	this	question,	we	
turn	to	philosopher	of	science	Thomas	Kuhn.


Thomas	Kuhn	(1922–1996)	is	one	of	the	most	influential	philosophers	of	science.	In	1962	
he	published	The Structure of Scientific Revolutions.	In	it,	he	argued	that	indeed	scientific	
revolutions	occurred,	yet	their	occurrence	was	far	different	than	most	realized.	His	con-
clusion	was	that	there	was	a	strong	component	of	“relativism”	in	science	as	opposed	to	
the	pure	“objectivity”	that	most	scientists	believed	their	studies	demonstrated	(see	the	
science	wars	in	Section	1.1).	According	to	Kuhn,	older	scientific	inquiry	was	not	better	or	
worse	than	contemporary	science,	it	was	just	different.


Using a prism and a screen, Newton showed how even a small 
amount of light from a hole in a wall could be diffracted into a 
rainbow of colors.
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Furthermore	Kuhn	argued	that	there	was	no	direct	line	of	progress	that	one	could	trace	
from	Aristotle	to	Newton.	As	Kuhn	wrote,	“I	do	not	doubt,	for	example,	that	Newton’s	
mechanics	improves	on	Aristotle’s	and	that	Einstein’s	improves	on	Newton’s	as	instru-
ments	for	puzzle-solving.	But	I	can	see	in	their	succession	no	coherent	direction	of	onto-
logical	development”	(Kuhn,	1996,	p.	206).	Ontology	is	the	study	of	being,	and	so	what	
Kuhn	was	attacking	here	was	the	notion	of	cumulative	progress.	We	will	learn	more	about	
Einstein’s	views	of	physics	when	we	get	to	the	20th	century,	but	for	now	keep	in	mind	that	
Einstein’s	theories	revised	Newton’s	in	a	variety	of	ways.	Kuhn	observed	that	“in	some	
important	respects,	though	by	no	means	all,	Einstein’s	general	theory	of	relativity	is	closer	
to	Aristotle’s	than	either	of	them	is	to	Newton’s”	(Kuhn,	1996,	p.	206).	Let’s	see	how	Kuhn	
came	to	this	conclusion.


A Scientific Paradigm


Kuhn’s	main	goal	was	to	explain	how	a	scientific	revolution	occurs,	and	he	argued	that	
the	process	occurred	in	a	series	of	stages	that	he	called	pre-paradigm,	paradigm, normal 
science,	paradigm	change,	and,	finally,	a	scientific	revolution.


The	pre-paradigm	period	is	marked	by	frequent	debates	over	methods,	problems,	and	
standards	of	solution.	During	this	period	many	competing	ideas	are	considered.	Eventu-
ally	one	idea	takes	hold	and	dominates	the	field—this	becomes	the	paradigm.	A	paradigm	
is	essentially	the	rules	of	science	that	the	scientific	community	holds	to	be	true.


Once	scientists	establish	a	paradigm,	the	majority	of	the	community	begins	to	perform	
what	Kuhn	called	normal	science.	This	included	minuscule	investigations	such	as	the	
determination	of	significant	facts,	the	matching	of	facts	with	theory,	and	the	articulation	
of	theory.	The	most	striking	feature	of	normal	science	is	how	little	drive	there	is	to	produce	
major	novelties.	The	scientist	that	succeeds	is	an	expert	puzzle	solver,	and	the	challenge	of	
the	puzzle	is	what	drives	him	or	her	on.	Paradigm	changes	occur	because	paradigms	are	
not	static	and	can	evolve	in	two	ways—discovery	and	crisis.	Discovery	commences	with	
the	awareness	of	an	anomaly,	which	Kuhn	called	the	recognition	that	nature	has	violated	
the	 paradigm-induced	 expectations	 that	 govern	 normal	 science.	 When	 the	 anomalies	
occur,	scientists	try	to	save	the	paradigm	(save	the	appearances)	and	patch	up	the	holes.	
When	this	fails,	a	new	theory	forms,	and	a	true	crisis	emerges.	The	decision	to	reject	one	
paradigm	is	always	simultaneous	with	the	decision	to	accept	another.


Scientific	revolutions	are	the	noncumulative	developmental	episodes	in	which	an	older	
paradigm	is	replaced	by	a	new	one.	A	new	worldview	is	created.	It	is	then	that	a	single	
individual	(someone	like	Newton)	organizes	the	world	in	an	entirely	different	way.	These	
revolutions	are	often	invisible	according	to	Kuhn	because	its	practitioners	want	to	believe	
that	science	is	synonymous	with	progress.


Kuhn’s Newtonian Revolution


Thomas	Kuhn	called	Newton’s	Principia	the	greatest	leap	forward	in	scientific	understand-
ing	and	wrote,	“No	other	work	known	to	the	history	of	science	has	simultaneously	per-
mitted	so	large	an	increase	in	both	the	scope	and	precision	of	research”	(Kuhn,	1996,	p.	30).	
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Kuhn	said	that	Newton	represented	“what	all	scientific	revolutions	are	about”	and	that	
the	characteristics	of	a	scientific	revolution	“emerge	with	particular	clarity”	with	regard	
to	Newton	(Kuhn,	1996,	p.	6).	He	said	that	first,	Newton’s	work	resulted	in	the	rejec-
tion	of	a	time-honored	series	of	scientific	beliefs	(based	on	Aristotle)	by	replacing	them	
with	a	new	set	of	beliefs	which	were	completely	incompatible	with	the	old.	Second,	the	


result	caused	the	wider	scientific	community	to	
shift	to	a	new	set	of	problems,	or	new	puzzles	to	
be	solved.	Third,	the	Newtonian	revolution	trans-
formed	 the	 scientific	 imagination	 of	 the	 world	
and	the	universe	that	surrounded	it.	Finally,	these	
changes	could	not	occur	without	controversy	as	
some	scientists	rejected	the	new,	held	on	to	the	
old,	or	advanced	competing	theories.


These	four	elements—a	new	theory	incompatible	
with	the	old,	new	problems	to	solve,	a	new	way	to	
conceive	the	world,	and	controversy—were	what	
Kuhn	called	“the	defining	characteristics	of	scien-
tific	revolutions”	(Kuhn,	1996,	p.	6).	Specifically	
he	said	that	the	result	of	Newton’s	work	was	not	
only	“incompatible”	with	the	Aristotelian	view	of	
the	universe	but	“incommensurable”	with	it.	In	
other	words	there	was	no	standard	of	compari-
son	or	no	way	to	measure	the	differences	between	
them	 because	 they	 were	 so	 different.	 In	 simple	
terms,	it	was	like	comparing	apples	to	oranges.


Where	 is	 this	 path	 leading	 us?	 Not	 to	 “truth,”	
according	to	Kuhn.	He	says	that	it	appears	that	
progress	occurs	in	science,	but	it	only	seems	that	
way	because	of	the	absence	of	competing	views.	
The	progress	is	not	evolving	to	a	more	objective	
knowledge	of	our	world,	or	“truth.”	It	is	in	this	
way	 that	 Kuhn	 concludes	 that	 while	 Newton	
was	 better	 than	 Aristotle	 at	 “puzzle	 solving,”	


there	was	no	direct	line	of	“progress”	or	claim	of	truth.	In	other	words,	the	paradigms	
are	incommensurable	because	Newton	and	Aristotle	were	focusing	on	entirely	different	
frameworks	with	their	science.	Newton	was	not	“better”	than	Aristotle,	nor	was	Einstein	
“more	correct”	than	Newton.	Aristotle	was	focusing	on	the	natural	world	in	terms	of	
morality	and	the	social	order.	Newton	discarded	this	emphasis	in	favor	of	a	God-centered,	
lawlike	universe.	Einstein	removed	the	necessity	of	a	personal	God	with	his	visions	of	sci-
ence	and	searched	for	a	theory	that	united	the	cosmological	and	microscopic	phenomena.	
As	a	result,	according	to	Kuhn,	these	different	paradigms	are	not	evidence	of	“progress”	
but,	instead,	of	examples	of	differing	lenses	through	which	to	view	the	universe.


This	perspective	is	contrary	to	the	view	of	many	contemporary	scientists.	For	example,	
physicist	Stephen	Hawking	believes	that	science	is	a	“series	of	incremental	advances,	each	
building	on	what	went	before”	(Hawking,	2002,	p.	ix).	Were	there	cumulative,	incremental	
steps	between	Aristotle’s	and	Newton’s	theories	of	motion?	Kuhn	would	argue	against	


Science philosopher and historian Thomas 
Khun (1922–1996) considered Newton’s 
Principia to be one of the most significant 
examples of scientific revolution. Shown 
is a plate from Newton’s Opticks, showing 
splitting of light through prisms.
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Hawking’s	observation	that	science	builds	on	what	came	before	because	there	is	funda-
mentally	 no	 comparison	 between	Aristotelian	 and	 Newtonian	 paradigms.	 Ultimately	
Kuhn	does	not	have	the	final	word	on	the	nature	of	science	and	how	it	evolves.	However,	
his	theories	of	paradigms	have	had	a	wide	influence	in	the	philosophy	of	science.	As	a	
student	you	may	select	whichever	side	in	this	debate	you	like.	You	may	take	Hawking’s	
approach	that	science	evolves	through	cumulative,	incremental	building	of	one	idea	upon	
the	previous.	Or	you	can	accept	Kuhn’s	philosophy	that	science	changes	through	incom-
mensurable	paradigm	shifts	that	have	less	to	do	with	objective	truth	or	progress	and	more	
to	do	with	solving	puzzles.	Whichever	view	you	accept,	it	is	essential	that	you	understand	
the	competing	viewpoints.


Chapter Closing 


This	 period	 was	 a	 complex	 time	 in	 which	 modern	 science	 emerged	 with	 a	 new	emphasis	on	a	mechanistic	view	of	the	universe	by	which	scientists	believed	they	could	master	nature	through	the	use	of	experiment	and	mathematical	quantifica-
tion.	Even	though	the	foundations	of	modern	science	were	being	laid	in	this	period,	there	
were	some	surprising	contributions	to	this	slow	process	of	discovery.	One	of	the	most	
remarkable	contributions	came	not	from	the	emerging	realm	of	modern	science	but	from	
an	ancient	magical	tradition.	In	the	process,	the	practice	of	science	shifted	from	private	to	
public	venues	in	which	scientists	conducted	experiments	in	open	settings	such	as	instru-
ment	makers’	shops	and	coffeehouses	(and	eventually	the	Royal	Society	of	London)	where	
they	could	communicate	their	results.	The	other	important	point	is	that	though	this	was	
the	only	era	generally	regarded	as	the	Scientific	Revolution,	it	was	by	no	means	the	only	
period	in	which	science	would	be	revolutionary.	With	the	death	of	Isaac	Newton	in	1727	
so	ended	the	Scientific	Revolution,	but	a	new	era	of	enlightenment	awaited.	In	terms	that	
Thomas	Kuhn	would	approve,	new	paradigms	were	coming.
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1493–1541: Paracelsus


1544–1603: William Gilbert


1548–1600: Giordano Bruno


1527–1609: John Dee


The English doctor William
Gilbert publishes the
book De Magnete  in


1600. Through his
experiments, Gilbert


theorizes that the Earth
shares many properties


of magnets and considers it
to be a large magnet.


1578–1657:
William Harvey 
The English physician


Wi lliam Harvey
discove rs the


circulation of blood.
He also studies the


human heart through
animal dissections
called vivisection.


1627–1691: Rober t Boyle 
Scientists such as Thomas


Hobbes argue the inexistence
of vacuums. Howeve r, Irish


physicist and chemist, Robert
Boyle, proves the existence


of vacuums. His findings are
are supported by the air


pump, first developed
by Otto von Guericke


in 1654.


John Dee is a natural
philosopher employed
by the Queen of England. 
He is interested in the
work of Paracelsus and
practices mathesis,
a science that applied
mathematics to nature.


Paracelsus is born Philippus
Aureolus Theophrastus Bombastus


von Hohenheim in Switzerland. He is
considered the “first modern


medical scientist,” and is
credited with the discovery


of the element zinc.


Giordano Bruno continues to
merge magic and science


together. He follows the
Copernican theory and


advocates that the Earth
moves around the sun. 


1608–1647:
Evangelista Torricelli
Evangelista Torricelli is
an Italian physicist and
mathematician
who inve nts
the barometer. 


1662: The Royal Society


1687: Isaac Newton 


When the R oyal Society is founded in 1662, it helps
bring scientific experimentation into the public arena.
The combination of the scientific society and the
scientific journal aids in the management of the 
scientific li terature being published all over the world.


Publications of Isaac
Newton’s  scientific work,
such as Philosophiæ
Naturalis Principia 
Mathematica  (1687), are
popular in the 17th century.
His publications and his
many scientific discove ries
make Isaac Newton the
pinnacle and end of the
Scientific Revolution.
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Timeline 4.1: Contributors and Discoveries during the Scientific Revolution
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Concept Check


1.	 Which	scholar	is	most	associated	with	the	idea	that	magic	played	a	significant	
role	in	the	development	of	the	Scientific	Revolution?


	 A.	Frances	Yates
	 B.	 Carolyn	Merchant
	 C.	J.	R.	R.	Tolkien
	 D.	J.	K.	Rowling


2.	 William	Gilbert	suggested	that	the	Earth	itself	was	a	giant
	 A.	magnet
	 B.	 mechanism
	 C.	occult	force
	 D.	talisman


3.	 What	was	one	significant	way	that	the	public	came	to	understand	some	of	the	
esoteric	scientific	theories	emerging	from	the	Scientific	Revolution?


	 A.	The	clock
	 B.	 The	magnet
	 C.	The	telescope
	 D.	The	air	pump


4.	 Which	of	the	following	books	did	Newton	not	write?
	 A.	Optics
	 B.	 Principia
	 C.	 Dialogues Concerning Two New Sciences
	 D.	A Treatise of the System of the World


5.	 Which	of	the	following	terms	is	not	associated	with	the	theories	of	philosopher	
Thomas	Kuhn?


	 A.	Paradigm
	 B.	 Aether
	 C.	Normal	science
	 D.	Crisis


Answers
1.	A. The	answer	can	be	found	in	Section	4.1,	The	Yates	Thesis.


2.	A. The	answer	can	be	found	in	Section	4.2,	Magnetism.


3.	A. The	answer	can	be	found	in	Section	4.3,	The	Mechanical	Clock.


4.	C. The	answer	can	be	found	in	Section	4.4.


5.	B. The	answer	can	be	found	in	Section	4.5.
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CHAPTER 4Key Terms to Remember


Key Ideas to Remember


•	 The	emphasis	on	mathematics	within	magic	for	understanding	the	natural	world	
was	one	central	way	that	the	occult	world	anticipated	modern	science.


•	 A	practical	aspect	of	magic	was	that	it	gave	people	hope	in	times	of	desperate,	
life-threatening	uncertainty.


•	 The	Yates	Thesis	was	an	interpretation	in	the	history	of	science	in	the	1960s	
which	first	pointed	to	the	significant	role	that	magic	played	in	the	development	
of	the	Scientific	Revolution.


•	 During	the	Scientific	Revolution,	the	mechanistic	view	of	the	universe—the	idea	
that	nature	was	a	vast	impersonal	machine—was	the	primary	way	that	scientists	
interpreted	the	world	around	them.


•	 It	was	not	until	the	Scientific	Revolution	that	experimentation	became	the	main	
way	for	scientists	to	gather	data,	prove	and	disprove	theories,	and	attempt	to	
objectively	replicate	the	wonders	of	the	world	within	the	confines	of	a	controlled	
laboratory.


•	 Isaac	Newton,	with	his	development	of	calculus,	discovery	of	the	laws	of	motion,	
and	investigations	into	the	nature	of	light,	played	a	vital	and	culminating	role	in	
the	Scientific	Revolution.


•	 Thomas	Kuhn’s	theories	related	to	the	structure	of	scientific	revolutions	were	an	
essential	new	way	for	historians	to	consider	the	way	that	science	changes	over	time.


Critical Thinking Questions 


1.	 Why	do	you	think	it	wasn’t	until	the	Scientific	Revolution	that	experimentation	
became	the	primary	way	for	scientists	to	gather	data,	prove	and	disprove	theo-
ries,	and	attempt	to	objectively	replicate	the	wonders	of	the	world?


2.	 Think	of	the	various	ways	that	magic	is	reflected	in	our	culture	today	in	mov-
ies,	books,	and	comics.	Is	there	any	similarity	to	the	Hermetic	tradition?	Why	or	
why not?


3.	 What	were	some	of	the	reasons	that	the	new	mechanistic	view	of	the	universe	
was	important	during	the	Scientific	Revolution?


4.	 What	was	the	significance	of	the	transition	between	the	private	and	public	nature	
of	scientific	experimentation?	Where	were	some	of	these	public	venues?


5.	 Of	the	multiple	contributions	by	Isaac	Newton	to	the	Scientific	Revolution,	which	
did	you	find	the	most	interesting	and	important,	and	why?


6.	 Try	to	state	in	your	own	words	Kuhn’s	thesis	regarding	the	Scientific	Revolution.


Key Terms to Remember


aether An	invisible	substance	in	the	air	on	
which	light	waves	travel.


air pump A	device,	first	used	by	Robert	
Boyle,	that	removes	the	air	from	a	sealed	
container,	thereby	creating	a	vacuum.	 
See vacuum.


antisepsis The	effort	to	kill	microorgan-
isms	that	cause	sepsis	or	pathogens	that	
are	toxic.


barometer Invented	by	Evangelista	 
Torricelli	to	measure	air	pressure.
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calculus A	mathematical	system	for	solv-
ing	specific	types	of	complex	problems	
which	included	determining	lengths,	
areas,	and	volumes	of	curves	and	the	
spaces	under	them.	Independently	discov-
ered	by	Newton	and	Leibniz	in	the	17th	
century.


corpuscles Infinitesimally	small	particles	
of	light.


experiment A	technique	which	is	used	
to	investigate	and	quantify	natural	
phenomena.


Hermetic tradition See	Hermeticism.


Hermeticism An	occult	practice	that	
emphasized	magical	operations	with	
numbers	and	contributed	to	the	advance-
ment	of	mathematics	during	the	Scientific	
Revolution.


iatrochemistry A	term	coined	by	Paracel-
sus	from	the	Greek	word	iatro,	meaning	
“doctor.”	Within	this	pursuit	he	used	the	
“doctrine	of	signatures”	to	cure	disease.


magnetism The	attraction	and	repulsion	
of	certain	metals	at	a	distance.	One	of	the	
first	subjects	of	experimentation	during	the	
Scientific	Revolution.


mathesis A	procedure	which	was	the	rig-
orous	and	“magical”	application	of	math-
ematics	to	the	natural	world.	This	included	
the	metaphysical	belief	that	numbers	had	
power	in	the	universe.


mechanistic view The	idea	that	nature	
is	a	vast	impersonal	machine.	First	devel-
oped	during	the	Scientific	Revolution,	
the	mechanistic	view	was	the	primary	
way	that	scientists	interpreted	the	world	
around	them.


normal science A	term	proposed	by	
philosopher	of	science	Thomas	Kuhn	to	
describe	mundane	scientific	activities.	
These	included	minuscule	investigations	
such	as	the	determination	of	significant	
facts,	the	matching	of	facts	with	theory,	
and	the	articulation	of	theory.


occult forces Hidden	powers	within	
nature	which	could	be	revealed	through	
various	magical	practices	such	as	alchemy	
and	astrology.


paradigm A	paradigm	stands	for	the	
entire	constellation	of	beliefs,	values,	and	
techniques	shared	by	members	of	a	given	
community.	It	was	a	term	proposed	by	
philosopher	of	science	Thomas	Kuhn.


philosopher’s stone A	long-sought,	never	
found,	alchemical	substance	that	would	
transmute	base	metals	into	gold.


placebo A	pill	in	modern	medicine	which	
is	little	more	than	a	capsule	of	sugar,	thus	
having	no	healing	powers.	However,	when	
patients	are	given	a	placebo	and	told	that	it	
is	a	powerful	drug,	they	often	experience	a	
healing	effect.


Platonic-Pythagorean tradition A	tradition	
in	which	scientists	conceived	of	the	universe	
in	geometrical	or	mathematical	terms.


plenum A	space	that	is	full	of	matter.


prism A	glass,	pyramid-shaped	device	
used	by	Newton	to	separate	white	light	
into	colors.


pulmonary circulation Blood	flow	to	the	
lungs	from	the	heart’s	right	ventricle.


systemic circulation Blood	flow	through	
the	body,	produced	by	the	pumping	of	the	
heart’s	left	ventricle.
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talisman A	type	of	“cookbook”	used	by	
occult	practitioners	giving	definitive	steps	
for	curing	disease,	defeating	enemies,	
attracting	lovers,	or	living	a	long	life.


terrestrial mechanics The	study	of	motion	
of	objects	on	Earth.


transmutation The	alchemical	process	of	
transforming	one	substance	into	another.


vacuum A	contained	space	in	which	no	
air	exists;	the	opposite	of	a	plenum.	See 
plenum.


vivisection A	technique	used	by	anato-
mists	during	the	Scientific	Revolution	who	
dissected	living	creatures,	though	never	
humans.
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