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1 The Matter of Fact 2.0

For this exhibit, we have decided to 
put facts in their proper place. We 

have locked them in three glass exhibit 
columns in the Department for the 
History of Science, to observe them, 
think about them and control their of-
ten inexplicable hold on our society. 

In the seventeenth century Robert 
Boyle and Thomas Hobbes debated 
about the existence of the vacuum alleg-
edly revealed by the air-pump. Despite 
their disagreements, Boyle claimed 
that both he and his contradictor had 
one thing in common: a respect for 
matters of fact. “Mr. Hobbes,” claimed 
Boyle, “does not deny the truth of any 
of the matters of fact I have delivered.”1 
While Hobbes may not have disagreed 
about the experimental facts at hand, 
his philosophy did, however, contest 
the very category of fact that Boyle 
sought to establish.2

Since 1662 facts have continued to 
wage a battle against their makers, lim-
iting the importance of interpretation 
and theory in their world. They have 
successfully led us to forget that even 

1 (Boyle 1772 (1662)) Cited in (Shapin 1994)
2 (Shapin 1994; Shapin and Schaffer 1985)

the word “fact” comes from the Latin 
factum, a noun derived from facere 
which means to do or to make. In an-
other fight they have perhaps been even 
more successful: facts have fought 
against their own precarious material-
ity. Yet even the hardest, the strongest 
of facts cannot survive in a vacuum.

“A fact is a fact,” explained the 
philosopher and mathematician Henri 
Poincaré to point out that they were 
not the be-all and end-all of science.3 
The fabric of our world is not “black 
with fact and white with conven-
tion,” claimed the philosopher W.V.O. 
Quine, but rather “pale gray.”4 “Facts,” 
claimed the sociologist of science 
Harry Collins, are like “ships in a bot-
tle,” painstakingly constructed to seem 
as if no one could have made them.5 
“Facts,” insisted the historian of sci-
ence Bruno Latour, “are like frozen 
vegetables,” they need a bevy of sup-
port networks to survive and thrive.6 
“Facts,” reminded us the historian of 
science Lorraine Daston, “are nothing 
3 (Poincaré 1902) 
4 (Quine 1966 (1956))
5 (Collins 1985)
6 (Latour 1987)
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Introduction 2

like rocks,” combating a century-long 
portrayal of them as hard, obstinate 
and even brutish.7

In our exhibit we no longer ask “Do 
facts exist?” but instead examine how 
certain facts come to be and strengthen 
while others wither and wane. It dis-
plays a world that is no longer “black 
with fact and white with convention,” 
but that is also certainly not “pale 
gray” either. It reveals how facts have 
become sacred. And, by bringing them 
into a space of common use (and plac-
ing them next to the scientific instru-
ments with which they are so closely 
associated), we explore how they can 
also be profaned.8

7 (Daston 2005)
8 For the “profanation” of technology see (Ag-
amben 2009)
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Instruments In context

How American Culture Shapes the Production of 
Scientific Knowledge

“A culture is made—or destroyed—by its articulate voices.”

Ayn Rand   

Kevin Davies

Scientific knowledge—those facts 
that scientists have produced/de-

duced by crafting theory, conducting 
experiments, and creating instruments 
to aid study—has long interested so-
cial scientists and scholars of the hu-
manities.  Challenged to explain how 
scientists come to consensuses about 
theories and how such theories come to 
be accepted as fact by the general pub-
lic, academics have articulated a num-
ber of theories about the complicated 
relationship between the producers of 
scientific knowledge and the public 
that consumes such information.1 The 
sciences of the human mind and human 
intelligence are a particularly interest-
ing kind of knowledge to study, because 
the clear divisions between scientists 
and nonscientists that exist in some 
fields are not so readily apparent here.  
Whereas to study (or simply create) 
X-rays one needs certain kinds of tech-
nologies and other material resources, 
and whereas to study microphysics one 
may need a rigorous understanding of 

1 (Kuhn 1996)

mechanics or mathematics, the study 
of human intelligence does not imme-
diately appear to be characterized by 
such gaps.  

 In this paper, I seek to build upon 
the scholarship that analyzes the rela-
tionship between scientists and nonsci-
entists by looking at some of the ways 
in which knowledge about the human 
mind and human intelligence was pro-
duced in turn of the 20th century Amer-
ica.  Human intelligence, the body, 
and the mind have been at the center 
of philosophical and scientific inqui-
ries long before the year 1900; what 
makes this particular period interest-
ing to study, however, is the emergence 
of new technologies used to study the 
mind and intelligence and the relation-
ship those technologies have with the 
prevailing culture of the day.  The anal-
ysis of three such instruments—a mod-
el of a human head used a psychology 
lab, an anthropometric device used in 
anthropometric studies, and an IQ test 
from the middle of the 20th century—
will be a key component of this paper.  

3 The Matter of Fact 2.0



Though these instruments were used in 
different times and by scientists work-
ing in different fields, I will argue that 
they are connected by the fundamental 
assumptions about the mind/body that 
undergird their use.  Ultimately, I will 
suggest that historians of science would 
do well to critically interrogate the re-
lationship between these basic, nearly 
invisible assumptions about the world 
and the production of scientific knowl-
edge if they are to gain a fuller picture 
of how scientific knowledge spreads.

Background: Why study the 
study of the mind? 

Though the three instruments at the 
heart of this project were certainly not 
available to everyday citizens, intelli-
gence and the human mind itself as ob-
jects of study and public inquiry were.  
As such the boundary we presume to 
exist between scientists and nonscien-
tists was blurred, and both were able to 
engage in debates about the nature of 
intelligence and the mind that ultimate-
ly shaped and informed the production 
of scientific knowledge.  

If everyday people are involved in 
the production of knowledge about in-
telligence and the mind, then histori-
ans of science might begin to question 
whether and how the everyday assump-
tions that such people make about the 
nature of people and the nature of in-
telligence influence the creation of sci-
entific instruments and the knowledge 
such instruments ultimately produce.   
To bolster this analysis, I will discuss 
the overall context in which these in-
struments were used, paying particular 

attention to the invisible assumptions 
that enable us to use each instrument 
before discussing the production of sci-
entific knowledge more generally.

Contextualizing the 
Instruments

The three instruments at the heart of 
this project are: an anthropometric kit 
including calipers and an elaborate in-
strument designed to measure various 
body parts; models of a human heads 
based on corpses with half of the brain 
exposed, used to study the relation-
ship between the brain and illnesses by 
identifying differences across an array 
of models; and an IQ test that, though 
not from the era in question, shares the 
same basic structure as tests from that 
era.   These instruments are diverse, and 
at first it might be tempting to discuss 
them separately.  Each was used by dif-
ferent scientists, working in different 
disciplines, and operating in different 
regions and times; thus the linkages that 
we imagine between scientists working 
on similar problems and experiments 
might seem to be missing at first.  Yet 
there are number of compelling rea-
sons to examine the instruments jointly.  
Though the scientific community did 
not necessarily connect the instruments 
either theoretically—that is, in terms of 
what each instrument allowed scien-
tists to see about a common subject—
or experimentally—that is, through 
actual use—the instruments certainly 
can be connected theoretically if one 
is attentive to how they each produce 
a form of knowledge about the body.  
Furthermore, the instruments must be 
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applied to actual human beings in order 
for knowledge to be produced; as such, 
we must account for how cultural no-
tions of the body that dominated larger 
American culture influenced the way the 
people studied using these instruments 
were perceived.  When that knowledge 
is valuable not merely in terms of its ab-
stract scientific utility, but also in terms 
of how it changes the compelling cultural 
dialogues of the day about race and hu-
man identity, the question of popular cul-
ture becomes even more important.  

One such cultural dialogue centered 
on Darwinism, by which I mean the 
body of knowledge inspired the labor by 
Charles Darwin and his contemporaries 
that described history in terms of the evo-
lution of animals driven by the statistical 
selection of those better able to survive. 
Historian of science Janet Browne has 
highlighted the extent to which Darwin-
ism facilitated the spread of evolutionary 
ideas about human society and relations.2  
Browne speaks extensively about the 
various scientists who, using evolution-
ary theory, took up arguments on both 
sides of many popular debates of the day, 
particularly about relationship between 
races.  The intersection of evolutionary 
ideas with the political/social movements 
in turn of the century America did not 
necessarily lead the emergence of any 
one particular argument; instead, Browne 
suggests that people on each side of the 
debate came to incorporate evolutionary 
thinking into their arguments.  Browne 
discusses this synthesis as the spread of 
scientific knowledge to ordinary Ameri-
cans.  It would be equally valid, however, 
to discuss Darwinism not as a precursor 

2 (Browne 2006)

to a phenomenon like imperialism, but 
instead, like such phenomena, as a re-
flection of the tension between races and 
socioeconomic groups that came to influ-
ence the knowledge about race and class 
that scientists produced.

The study of the human body is pro-
foundly tied to American popular culture 
because it can entail an analysis of two 
huge components of that culture: the na-
ture of the human body and the nature of 
social relations between people.  Decades 
after the American Civil War ended, the 
question of where African-Americans 
(and, for that matter, immigrants more 
generally) fit within American society 
raised questions about how Americans 
of different races related to one anoth-
er.3  These questions were important to 
the American political apparatus, which 
played a large role in mediating the rela-
tionship between white and black Ameri-
cans and in controlling the American 
population at large by restricting the flow 
of immigrants into the country to a few 
narrow channels from a few specific re-
gions, in addition to managing several 
colonies.   Darwinism provided a new 
framework for these kinds of cultural 
concerns to emerge in the practice of 
science, and its influence is clear upon 
analysis of how the instruments central 
to this project were used.

Producing Scientific 
Knowledge/Reproducing 

Popular Knowledge

The model of the human head has 
no clear function.  Made from delicate 

3 (Richardson 2000)
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materials and imported from Europe, 
the head was used in Hugo Münster-
berg’s Harvard lab; photographic 
evidence reveals that the heads were 
displayed together (while few remain 
in the collection, tens existed in years 
past) and that when they were used in 
exhibits they traveled together as well 
(Figure 1).  What I infer from this is 
that the heads were used to study hu-
manity comparatively, particularly the 
relationship between the brain and 
what today we might call mental ill-
ness.  The heads vary in terms of how 
they are constructed: while they all ex-
pose the brain and the expressions on 
the faces of each model reflect pain, 
stress and anguish (evidence of their 
use in the study of mental illness), 
they vary in terms of how the brain 
is depicted physically.  These differ-
ences are, seemingly, the point (as they 
emerged from differences in the people 
upon whom the models are based): 

the heads demonstrate the connection 
between differences in the brain and 
differences in the symptoms that was 
fundamental to the study of these pa-
tients.  Such a use of these instruments 
requires certain a priori assumptions 
about the ways in which we study the 
mind: in a particular, they teach us to 
see traits of the mind and the body as in 
some way reflective of and reducible to 
physical differences in the brain matter 
of individuals.  

If this way of looking at brains 
and their relationship does not seem 
radical, consider what a departure it is 
from conceptions of human difference 
that center upon relative moral differ-
ences, or that describe human differ-
ence in terms of a soul rather than just 
a mind and body.  This profoundly bio-
logical, brain-oriented conception of 
identity relates to that which the use of 
the anthropometric device reproduces.  
While popular culture has reduced de-
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pictions of anthropometry to the study 
of the size of the head or of bumps on 
the head, the device itself highlights to 
the point articulated by Steven Gould 
in his text The Mismeasure of Man, 
which is that anthropometric devices 
were used to link all sorts of measure-
ments of body parts and the relation-
ship between body parts (e.g. the ratio 
of one’s forearm to one’s bicep) and 
certain human traits such as criminali-
ty, aggression, and intelligence (Figure 
2).  Gould highlights that in the produc-
tion of information on these data, sci-
entists’ personal views regularly biased 
the observations they made; in particu-
lar he highlights how one scientist saw 
huge disparities between black and 
white subjects when he knew the race 
of the person he was studying but not 
when such information was kept from 
him.4  Yet I argue that the relationship 
of the scientists personal views and 
the data they created goes even further 
than that, for the very categories of 
traits they were investigating are traits 
that are defined culturally: there is no 
single conception of crime, nor of what 
constitutes aggression nor intelligence, 
and thus to study these traits scientifi-
cally is both to embed a particular con-
ception of these traits into the practice 
of science and to ensure that this con-
ception spreads along with the knowl-
edge that it helped to produce.  The 
anthropometric devices, by requiring 
the reification of certain traits into ab-
stract qualities that could be measured 
on the body, allowed scientists to link 
the biology of the entire body to iden-
tity; in the context of Darwinism and 

4 (Gould 1981, Davies 1955)

given the particular political climate of 
the day, this meant that scientists were 
complicit in the production of knowl-
edge that suggested that non-whites 
were less intelligent, valuable, and fit 
than their European-American counter-
parts, and that these differences were 
not only measurable, but measurable 
specifically by studying the physical 
material of the human body.  Whether 
that assumption of difference of the 
scientific evidence of difference came 
first is to some extent a question of the 
chicken vs. the egg: both phenomenon 
emerged in concert with one another, 
and together they characterize a part of 
the popular conception of humanity in 
America at the time. 

Only a decade or so after these in-
struments were used, the IQ test trav-
eled to America, and there it was used 
to buttress certain arguments made 
about human evolution and the fit-
ness of some people relative to others 
that are also important in the descrip-
tion of this era’s paradigm of thought.5  

* All subsequent HCHSI images and information 
about instruments in this catalog are from the 

Figure 2.  A set of three anthropometric in-
struments. Courtesy of the Harvard Collec-
tion of Historical Scientific Instruments.*
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Though the IQ test, created in France in 
order to study and correct for differenc-
es outcomes of the educational system, 
was not meant to identify or measure 
an individual’s inherent intelligence, 
as the instrument traveled to America 
that was precisely the use to which it 
was put, very often in studies of immi-
gration or of differences in intelligence 
across races.6  In fact, the modern idea 
that these differences exist is still jus-
tified by many with reference to IQ.7  
Here we see another norm that exists in 
relation to the two previously defined: 
the idea that human intelligence is an 
abstract trait, measurable not even in 
terms of the body itself, but in terms 
of a test created and administered by a 
scientist.   

Conclusions: The Intersection 
of Culture and Science

The reproduction of these norms 
in the form of scientific instruments 
and in the practice of scientists is the 
central phenomenon this paper seeks 
to highlight; in the conclusion, I hope 
to explore the implications of such 
reproduction has for our conception 
of scientific knowledge and how such 
knowledge works—that is, how it trav-
els from person to person, whether it 
changes form as it travels, who is em-
powered to create such knowledge.

Several scholars have provided use-
ful conceptualizations of the spread of 
scientific knowledge.  Social scientist 

HCHSI database, Waywiser. 
5 (Richardson 2000)
6 (Gould 1981)
7 (Herrnstein and Murray 1996)

Bruno Latour described the spread of 
science not in terms of revolutions or 
paradigms, but instead by using the 
trope of a network.8  Latour used the 
term “metrology” to refer to the exten-
sion of these networks through tools 
of calculation and measurement—
“this gigantic enterprise to make the 
outside”—that is, the world outside a 
network—“a world inside which facts 
and machines can survive.”  While not 
a conception of the spread of scientific 
knowledge per se, historian of science 
Hasok Chang’s “ontological principles” 
highlight an important aspect of scien-
tific knowledge—“those features that 
are commonly regarded as essential 
feature of reality within an epistemic 
community”—and, like Latour, seeks 
to make explicit the shared conception 
of the world that is a key component of 
the social connections between scien-
tific thinkers9.

Each of these conceptions captures 
aspects of the story told above—Chang 
might discuss the norms identified 
above as ontological principles that 
undergird the discourse on intelligence 
and the mind, and Latour might see, for 
instance, the use of IQ tests to America 
as the extension of a network to include 
a new domain.  Yet what each leaves 
out to an extent is the degree to which 
nonscientists can change the nature 
of a network and broad cultural ideas 
salient in the places where science is 
made can be as fundamental a part of 
the production of scientific knowledge 
as any other ontological principle, even 
if these norms come from nonscientists 

8 (Latour 1988)
9 (Chang 2004)
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and are nearly invisible until critically 
analyzed.   Critical attention to the role 
of nonscientists and sustained analysis 
of the culture in which science made 
are sometimes necessary in order to 
describe the dissemination of scientific 
knowledge, and thus provide two are-
nas of investigation which might yield 
promising returns in future studies.
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to see the InvIsIble In late nIneteenth-
century PhysIcs

Instruments, Actors, Facts

It is a very small fact, but it is a fact giving a great return.

Henri Poincaré, Science and Method (1908)

Connemara Doran

How does one measure the great-
ness of the “return” given by a 

scientific fact – the usefulness or depth 
of insight it gives us into the workings 
of nature?   In his popular scientific es-
says written in the first decade of the 
twentieth century, the great French 
mathematician, physicist, and cosmol-
ogist Henri Poincaré challenged his 
readers to consider the dilemma facing 
the scientist because of the hierarchy of 
facts.  At the bottom of the hierarchy, 
undoubtedly, are facts that tell us noth-
ing beyond themselves, but less clear is 
how the scientist can know which facts 
actually contain hidden clues.  For it is 
only by choosing which facts to pursue 
further that the scientist will be led, 
step by step, to a fact at the top of the 
hierarchy, a fact that teaches us a new 
law.  In this sense, the scientist must 
conspire with nature in determining the 
return of a scientific fact.

Amidst the huge array of findings 
Poincaré could have offered his read-
ers to assess, Poincaré chose a finding 
so ordinary that one would not expect 

greater significance.  “When the geod-
esist [seeking to determine the size and 
shape of the earth] finds that he has to 
turn his glass a few seconds of arc in 
order to point it upon a signal that he 
has erected with much difficulty,” this 
very small fact reveals much more than 
“the existence of a little hump upon the 
terrestrial geoid.”1  This little fact about 
a few seconds of arc on his instrument 
gives the scientist a great return because 
the hump contains secrets of immense 
scope in time and place, which are 
clues to the laws of the universe – “be-
cause this hump gives him indications 
as to the distribution of matter in the 
interior of the globe, and, through that, 
as to the past of our planet, its future, 
and the laws of its development.”2  The 
little fact established by the geodesist 
provides crucial data with which the 
geologist can see “the deep sunk rocks” 
that affect the measure of weight at dif-
ferent points on the surface of the earth 
– geodesy “weighing them at a distance 

1 (Poincaré 1908, 572)
2 (Poincaré 1908, 572)
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so to speak.”3  From little fact to bigger 
fact, the return of a fact to science can 
extend far beyond itself.

In a sense, all science is the effort 
“to see the invisible.”  But during the 
late nineteenth century, this was literal-
ly what much of science entailed.  Here 
we will consider two entirely different 
types of questions that challenged sci-
entists confronting “the invisible,” and 
the ways in which their instruments 
gave them a means to conceptualize, 
explore, experiment, and interpret.

Conceiving the Inconceivably 
Small: J. J. Thomson and the 

Electron-Corpuscle  

We should examine with the utmost care the role 
of hypothesis; we shall then recognize not only 
that it is necessary, but that in most cases it is 
legitimate.  We shall also see that there are sev-
eral kinds of hypotheses; that some are verifiable, 
and when once confirmed by experiment become 
truths of great fertility; that others may be useful 
to us in fixing our ideas…. 
  Henri Poincaré, Science 

and Hypothesis (1902), 4.

How can an experiment hope to 
detect the existence of something so 
small that the very concept strains our 
abilities to conceptualize?  How can 
we even conceive the inconceivably 
small?  Yet so amazing was the stream 
of surprises coming out of the laborato-
ries during the late nineteenth century – 
radio waves transmitting sound across 
miles of space, lightwaves created in 
evacuated tubes – that scientists were 
neither shy of speculating about what 
other secrets nature might be hiding 

3 (Poincaré 1908, 559)

from us, nor of daring to find them and 
use them.

In tracing how scientists conceived 
the inconceivably small, we will un-
cover the interplay of “evidence” and 
“working hypotheses” in the creation 
of a “scientific fact” at the end of the 
nineteenth century.  We experience the 
drama that occurs every day among the 
instrument, the scientist, and the elu-
sive fact in the scientist’s search for ev-
idence.   For the kind of evidence that 
we, as scientists, are able to amass with 
any instrument depends in large part on 
the “conceptual categories” by means 
of which we “structure our thought, 
pattern our arguments and proofs, and 
certify our standards for explanation.”4  

In striking contrast to the insis-
tence on absolute precision which was 
dominant in the search for standards of 
measure, nineteenth-century scientists 
also used a variety of speculative con-
ceptual categories to guide their study 
both of radiant heat and of electric dis-
charge (light produced by electric cur-
rent) in air, in purified gases, and in the 
Crookes tube (a vacuum tube).  Long 
experience with the apparatus and the 
4 (Daston 1991, 282)  

Figure 1.  Photograph of J.J. Thomson dem-
onstrating his m/e experiment in a lecture (c. 
1900). (Falconer 1997, 226).  
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phenomena under investigation en-
abled the British physicist J.J. Thomson 
(Figure 1) to obtain a great return from 
approximate measures of the ratio of 
mass-to-charge of “cathode ray par-
ticles” (beams of electrons produc-
ing heat and light in a vacuum tube).  
Precision is not always a necessity in 
the search for scientific understanding. 

The thermopile (Figure 2) proved 
a very cooperative instrument in 
Thomson’s experiments.  Used to mea-
sure “the difference of temperature 
of radiating surfaces,” the thermopile 
(Figure 3) was characterized as “prob-
ably the most celebrated instrument 
ever designed for the study of radiant 
heat, for . . . it is to the services of the 
thermopile that we owe the researches 
of Melloni and Tyndall [for all types of 
gases], as well as nearly all the advanc-
es that have since been made in the 

study of radiation.”5  What made the 
thermopile so useful in the study of rar-
efied gases and infrared radiation, and 
in so many experimental contexts, was 
a simple physical principle: “two wires 
of different metals are joined end to 
end so as to form a closed circuit, [and] 
then when one of the junctions is heat-
ed, or cooled, an electric current passes 
round the circuit” due to the difference 
in temperature between the two ends.6  

In using this instrument, both the 
British physicist John Tyndall (c.1850-
1885) and J.J. Thomson (from c.1880) 
went far beyond seeking increased pre-
cision.  Each structured his thinking, 
and planned his entire experimental 
research program, based on stimulat-
ing possibilities suggested by “rough 
results” (findings which, although ap-
proximate, are taken to be factual) and 
conceptual “working hypotheses” (a 
particular model or mechanism that 
could account for such findings).  

Yet these two scientists diverged in 
the use to which they put their results.  
5 (Preston 1894, 491)
6 (Preston 1894, 491)

Figure 2.  Double Thermopile.  Courtesy of 
the Harvard Collection of Historical Scien-
tific Instruments.  

Figure 3.  Tyndall’s experimental setup us-
ing the thermopile. (Tyndall 1872, Frontis-
piece).
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Tyndall’s early insights about the mo-
lecular theory of gases ultimately became 
a platform for advancing the mechanical 
theory of matter – for explaining every-
thing in terms of molecules of matter in 
motion.  Opposed to such an approach 
– which made the hypothesis a meta-
physical assumption – Thomson instead 
used his rough results to lead to a more 
nuanced working hypothesis to guide him 
toward a more complete and fully consis-
tent theory.  Thomson made a rough esti-
mate of the ratio of mass-to-charge of the 
“cathode ray particle” to be of the order 
of 1/1000 the ratio for the hydrogen ion, 
and from this identified it as a miniscule 
component of the atom – indeed a “cor-
puscle,” a fundamental constituent of all 
matter.  

What rough results served as evidence 
for each scientist, and what working hy-

potheses guided their research?  
Tyndall developed a “thermopile tech-

nology” which provided measures (less 
than perfect but) more than sufficient to 
establish the radiant-heat absorption of 
various gases, to show the “greenhouse 
effect” created by the earth’s atmosphere, 
to establish the identity of radiant heat 
and visible light, and to demonstrate the 
scattering of light by tiny particles in gas-
es.7  But Tyndall also drew upon James 
Clerk Maxwell’s kinetic theory of gases 
as evidence for the hypothesis that heat is 
“a mode of motion” in accordance with 
the mechanistic goal of explaining all 
phenomena in terms of matter in motion.  
Maxwell’s kinetic theory of gases was 
based on the statistical theory of molecu-
lar velocities he had introduced in 1859, 
the first use of statistical argument in 
physics, and a mode of analysis that grew 
in importance as new technologies made 
increasingly possible experimental access 
to the invisible and the miniscule.

The Crookes tube (Figure 4) greatly 
expanded the use of thermopile technol-
ogy.  In an 1879 public demonstration 
published in Philosophical Transactions, 
the British physicist William Crookes 
explained how “the cathode ray tube 
(Figure 5) generates heat when im-
pacting a metallic target.”8  Crookes 
described how “molecular bombard-
ment” of particles within the glass tube, 
and the “molecular impacts” at the end 
of the tube produced so much heat that 
when he touched it with his finger, it 
“immediately raised a blister,” and the 
“spot where the focus fell was nearly 

7 (Tyndall 1982)
8 (Crookes 1979, 135)

Figure 4.  Crookes Tube to demonstrate 
heating effect.  Courtesy of the Harvard Col-
lection of Historical Scientific Instruments.  
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red hot.”9  But how might the scientist 
explain the unusual phenomena cre-
ated in the Crookes’ tube?  Crookes 
presents his “theoretical speculations” 
during the experiments as “working 
hypotheses, useful, perhaps necessary, 
in the first dawn of new knowledge, but 
only to be retained as long as they are 
of assistance.”10  Crookes’ working hy-
pothesis was of “an ultra-gaseous state 
of matter” in which “the properties 
which constitute gaseity are reduced 
to a minimum, and the matter becomes 
exalted to an ultra-gaseous or molecular 
state, in which the very decided but hith-
erto masked properties now under inves-
tigation come into play.”11  Gaseous dis-
charge – the light emitted from gas atoms 
subjected to an electric current – was at 
the core of J.J. Thomson’s research and 
the stimulus for his own working hypoth-
esis. 

Thomson began his work on gaseous 
discharge immediately upon being elected 
in 1884, at age 28, as Cavendish Professor 
of Experimental Physics at Cambridge.  
His goal was to explain the relation be-
tween chemical atoms and the “ether” 
– the presumed medium through which 
electromagnetic waves traveled.  By 
1886, he had established in experiments 
utilizing X-rays, that “electric conduction 
through gases took place by splitting the 
gas molecules into oppositely charged 
ions.”12  Since the X-rays were produced 
when cathode rays struck metal in the 
Crookes tube, Thomson immediately 

9 (Crookes 1979, 135-136)
10 (Crookes 1979, 137)
11 (Crookes 1979, 137)
12 (Falconer 1997, 227) 

studied the cathode rays and showed that 
they not only “carried an electric charge” 
(as shown by Jean Perrin in 1895) but also 
that “an electric charge was an indispens-
able property of the rays.”13   

Within a few months, in a March 30, 
1897 lecture demonstration at a Royal 
Institution Friday Evening Discourse, 
Thomson gave his first estimate of mass/
charge for cathode rays produced in a 
Crookes tube.  His experiment “relied on 
the heating effect of the rays” so that the 
estimate was based on temperature dif-
ferences (determined by means of ther-
mopile technology) and statistical rea-
soning.14  Thomson inferred that cath-
ode rays were minute charged “corpus-
cles” that were a constituent part of all 
atoms.  While Thomson was criticized 
for both the roughness of the estimate 
and the overly-hasty conclusion, and 
while he did follow immediately with 
more refined experiments measuring 
the “deflection” of the rays in electric 
and magnetic fields, the published re-
port (October 1897) stated even more 
strongly his “speculations” about the 

13 (Falconer 1997, 227) 
14 (Falconer 1997, 227) 

Figure 5.  Cathode Ray Tube, Crookes style.  
Courtesy of the Harvard Collection of His-
torical Scientific Instruments.
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corpuscular nature of the “electron.”15  
Moreover, Thomson never let the in-
evitable “roughness” of the measures 
thwart his further research on gaseous 
discharge (the light emitted from gas 
atoms excited by an electric current) 
based on that working hypothesis.  His 
cathode-ray work was merely one of 
many steps towards his longstanding 
goal – to establish a coherent theory of 
gaseous discharge, for which he won 

the Nobel Prize in 1906.  

Seeing the Light: From 
Phosphorescence to 

Radioactivity 

[Error] is the part of man’s personal collabora-
tion in the creation of scientific fact….  If I an-
swered amiss, it was because I chose to reply too 
quickly, without having asked nature, who alone 
knew the secret.  
  Henri Poincaré, The Value 

of Science (1905), 326

This prediction once made, it evidently does not 
depend upon him whether it is fulfilled or not….  
In sum, facts are facts, and if it happens that they 
satisfy a prediction, this is not an effect of our 
free activity.
  Henri Poincaré, The Value 

of Science (1905), 328-329

 

15 Philosopher and historian of science Theodore 
Arabatzis emphasizes how many scientists were 
simultaneously working with cathode rays in this 
period, and suggests that historians of science 
examine how scientific “facts” – such as the cor-
puscular nature of cathode rays (electrons) – are 
often agreed upon through consensus in scientific 
communities rather than being “discovered” by 
an individual.  Although I focus on J.J. Thomson 
here, it is important to note that he was one of 
many who “contributed significantly to the ac-
ceptance of the belief that ‘electrons’ denote real 
entities.”  (Arabatzis 1996, 432)  

Phosphorescent materials obtain 
their luminosity from prior expo-
sure to light.  Two nineteenth-century 
physicists, a father and son, sought to 
uncover what lay behind this piece of 
common knowledge.  In attempting 
to capture the evanescent glow of lu-
minescent crystals with photographic 
plates, their research ultimately led to 
an understanding of spontaneous ra-
dioactivity.  For that phenomenon, an 
accidental absence of light fortuitously 
resulted in “seeing the light” – that is, 
understanding what was unique about 
spontaneous radioactivity.    

In 1859, Edmond Becquerel, pro-
fessor of physics at the Paris Museum 
d’Histoire Naturelle, invented the 
phosphoroscope (Figure 6, Figure 7) 
to study the luminescence of crystals.  
The phosphoroscope enabled him to 
measure the period of phosphorescence 
– noting the times at which the mate-
rial absorbs the light (entering the holes 
on one rotating disk) and subsequently 
emits the light through the holes in the 
second rotating disk (not aligned with 
the holes in the first disk).  Since the 
speed of rotation could be adjusted very 

Figure 6.  Hand-held Becquerel Phosphoro-
scope, with phosphorescent sample in the 
glass holder. Courtesy of the Harvard Col-
lection of Historical Scientific Instruments.  
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precisely, Becquerel was able to mea-
sure the very brief time intervals during 
which phosphorescence occurred in the 
different substances examined. 

In 1872, Becquerel turned his atten-
tion to uranium salts together with his 
son, Henri Becquerel (Figure 8) – the 
third generation of the Becquerel fam-
ily to hold the Museum chair in phys-
ics – who continued this work after his 
father’s death in 1891.  Henri’s experi-
ments with uranium salts would even-
tually lead him to co-discover (with the 
physicists Pierre and Marie Curie) the 
even more startling property of spon-
taneous radioactivity, for which they 
jointly won the 1903 Nobel Prize in 

Physics.  
Triggering Henri Becquerel’s re-

search was the German physicist 
Wilhelm Roentgen’s November 1895 
observation that “invisible penetrating 
rays” (X-rays) accompany the phos-
phorescence of accelerating cathode 
rays (observed fact 1).16  A stream of 
cathode rays in an evacuated tube cre-
ated bright green phosphorescence on 
the glass, emitting invisible rays which 
“penetrated” objects and left their sub-
surface “image” on a photographic 
plate.  In January and February 1896, 
Becquerel attacked the related question: 
do phosphorescent bodies emit X-rays 
if exposed to high enough intensity of 
light (question A)?  He experimented 
by placing phosphorescent crystals on 
photographic plates wrapped in “light-
tight” black paper on his windowsill at 
the museum, “where sunlight would 
stimulate the mineral to glow.”17    

In his first test on the various phos-
phorescent materials in his cabinets 
(Figure 9), Becquerel concluded: “the 
phosphorescent substance emits rays 
that penetrate black paper that is opaque 
to light and reduce the silver salts of a 
photographic plate.”18  One week later, 
on 2 March 1896, he reported to the 
Academy of Sciences his findings on 
uranium salts which had not been ex-
posed to light.  Heavily overcast skies 
for two days had made Becquerel put 
his prepared plates in a drawer; after 
another three days without sun (so that 
no sunlight was absorbed by the ura-
nium), the plates were as black as when 

16 (Roentgen 1895)   
17 (Badash 1996, 22)
18 (Becquerel 1896, 420)   

Figure 7.  Condensing Lens for a hand-held 
Becquerel Phosphoroscope. Courtesy of 
the Harvard Collection of Historical Scien-
tific Instruments.
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the uranium had been exposed to full 
sun.  

Becquerel’s preliminary observa-
tion of these properties is sometimes 
described as an “accident.”  But was 
this really an accidental discovery?  
While it is a historical contingency 
that the uranium salts happened to be 
placed with a photographic plate away 
from sunlight for five days, allowing 
Becquerel to observe the impact of 
the uranium alone on the photographic 
plate, Becquerel had a very well-pre-
pared mind ready to interpret and test 
his observation.  His long, extensive 
work with his father determining the 
characteristics of luminescent phenom-
ena had prepared him to ask crucial 
new questions of his material, and find 

new ways to use the available instru-
ments, such as the photographic plate, 
to probe them.19  

As historian of science Peter Geimer 
argues, Becquerel’s experiments in-
volved “photography of the invisible” 
which depended integrally on the sci-
entist’s interpretative stance in the con-
text of his current work: 

Henri Becquerel opened a drawer in his labo-
ratory and found images of uranium salts that had 
registered themselves on a photographic plate in 
the dark.  In all these cases the performers dis-
covered only afterwards what they themselves 
had arranged before or what they themselves had 
registered but not seen.20  

By his previous experience with the 
photography of luminescent materials, 
by arranging the photographic plate 
in the dark drawer with the uranium 
salts, by developing the photographic 
plate to see if there was an image of 
the crystals despite their being in the 
dark, and by recognizing the implica-
tions of the exposed plate immediately, 
even reporting it the very next day to 
the Academy of Sciences, Becquerel 
was far from making an “accidental” 
discovery.21  

Thus, Becquerel had observed 
that uranium salts emit penetrating 
rays even without any prior exposure 
to light (observed fact 2).  From this 
Becquerel inferred that visible phos-
phorescence is not connected to the 
radiation from uranium (inferred fact 
2).22  Furthermore, after continued ex-
perimentation, he observed that ura-

19 (Badash 1996, 22)
20 (Geimer 2000, 120)  
21 (Badash 1996, 23)  
22 (Badash 2005, 37)  

Figure 8.  Photograph of Henri Becquerel 
when he was a young researcher.  (Badash 
1996, 22).  
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nium salts could substitute for a cath-
ode ray tube, since both move the gold 
leaves in an electroscope in the same 
way (observed fact 3).23  Becquerel 
inferred from this that the penetrating 
radiation of uranium is the same as the 
penetrating radiation of cathode rays 
(inferred fact 3).  

Two questions arose from these 
facts.  First, where does the penetrat-
ing radiant energy emitted by uranium 
come from (question B)?  Becquerel 
turned to work on the Zeeman effect 
(the splitting of the spectral lines in 
a magnetic field) to seek an answer.  
Second, do any other substances give 
off this radiation, and, if so, how 
much (question C)?  In investigating 
this question, Marie Curie discov-
ered radium and polonium, two new 
elements which were both highly ra-
dioactive.  Becquerel then used these 
new, more intense radiation sources, 
observed their deflection in a mag-
netic field, and discovered that there 
were two kinds of rays spontaneously 
emitted.  The kind that could be devi-
ated, he equated with “cathode rays” 
(which were later recognized as high-
speed electrons).  

Becquerel uncovered two break-
through physical and chemical facts 
about radiation through this sequence 
of collaborations with nature: that 
“spontaneous radiation” occurs in some 
materials (uranium, radium, poloni-
um); and that spontaneous radiation is 
of two types, “cathode rays” and light.  
Moreover, in coming to see what was 
unique about spontaneous radiation, 
Becquerel also came to understand the 

23 (Badash 1996, 24)  

light of phosphorescent materials “in a 

new light.”

Conclusion 

In these stories about scientists at-
tempting to “perceive” and analyze the 
“invisible” – identifying radiant heat 
with visible light, measuring proper-
ties of miniscule subatomic particles, 
capturing the brief luminescence of 
crystals, probing the nature of the 
newly recognized phenomenon of 
spontaneous radioactivity – we wit-
ness how late nineteenth-century 
physicists explored the invisible 
with novel instruments and work-
ing hypotheses.  Even rough results 
of measurements, when consistent 
with conceptual categories guiding 
Thomson’s research, were able to be 
marshaled in support of the electron-
corpuscle.  Contingent occurrences 
– even one so trivial as a week of 
cloudy skies – could lead to a con-
ceptual breakthrough when inter-

Figure 9.  Four tubes of phosphorescent 
chemicals.  Courtesy of the Harvard Collec-
tion of Historical Scientific Instruments.  
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preted by an experienced researcher, 
such as Becquerel, in his work with 
uranium salts.  Even the smallest of 
inferred facts can eventually yield a 
monumental return.   
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Fact: Blood is Red 20

Fact: blood Is red
Fact: λmax (blood) ≈ 645nm

A history of systematizing and quantifying color 
from the late 19th century to the 1950s

Lying on his back, he gazed up now into the high cloudless 
sky. “Do I not know that that is infinite space, and that it is 
not a rounded vault? But, however I screw up my eyes and 
strain my vision, I cannot see it but as round and finite, and 
in spite of my knowing about infinite space, I am incontest-
ably right when I see a firm blue vault, far more right than 
when I strain my eyes to see beyond it.”

Leo Tolstoy, Anna Karenina (1877)

Did everyone see color in the same 
way? A disastrous train crash in 

1875 was attributed to the fact that the 
train engineer did not, and hence failed 
to stop at a red light.1 On the other 
hand, the industrialist Joseph Lovibond 
showed that the market price for flour 
could be accurately correlated to its 
color – measured using the “Tintome-
ter” he sold from 1887.2 Color was also 
an important subject of philosophical 
investigations, as well as an example 
frequently used to illustrate and exam-
ine philosophical concepts. By the turn 
of the century, the question of color vi-
sion had been tackled by great thinkers 
including Aristotle, Descartes, Newton, 
Goethe, Maxwell and Helmholtz, who 
1 (Jennings 1896, 5)
2 (Johnston 1996)

sometimes fiercely rejected previous 
theories.

In this paper I shall outline the histo-
ry of measuring color from the late 19th 
century to the 1950s – a period which 
includes the establishment of an inter-
national standard for quantifying color 
and the appearance of commercial 
colorimeters based on using photoelec-
tric cells rather than the human eye. I 
will examine the interactions between 
industrial interests, different groups of 
scientists, theories about color and the 
instruments used for measurement – in 
particular two colorimeters from the 
Harvard Collection of Historical Sci-
entific Instruments. I will conclude by 
considering different perspectives on 
the history of science and how they can 

Gregor Jotzu



be used to look at   colorimetry during 
the period covered in this paper.

While philosophers were ponder-
ing the question whether a color was a 
property of an object or something that 
exists only in our perception, a very di-
verse range of groups were looking for 
precise and authoritative methods for 
quantifying and systematizing color:  
manufacturers attempting to design 
more efficient lamps, pointillist painters 
invoking color theories to defend their 
art (and using them to make it more 
striking), the textile industry looking 
for new dyes and general practitioners 
using the redness of blood to deter-
mine the health of their patients.3 Their 
views and requirements were crucial 
for the developments that followed. In 
particular, whilst artists and artisans 
were most concerned about the effects 
of their works and hence focused on 
psychological aspects, medical doctors 
and chemists cared less about their own 
emotions when looking at a sample of 
blood, urine or solutions containing ti-
tanium, and only used color as an easy 
and precise way to determine the con-

3 (Gage 1999; Kuehni and Schwarz 2008; John-
ston 2001)

centrations of certain substances in a 
solution.  

Color Quantified by Eye

Von Fleischl’s Haemometer (Figures 
1&2), manufactured by C. Reichert in 
Vienna from about 1880, was a popu-
lar tool amongst medical doctors of 
the time.4 It was used to determine the 
quantity of haemoglobin in a sample 
of blood. To do so an amount of blood 
(precisely specified by the use of a spe-
cially designed, calibrated pipette) was 
mixed with a certain amount of water 
and placed in a semi-cylindrical vessel. 
The vessel was placed next to a trans-
parent red glass wedge, “tinted with 
Cassius’s golden-purple.” “Upon this 
the light from a gas or oil lamp (day-
light is not admissible) is projected by 
a plate of plaster of Paris.” The depth 
of color of the wedge increases from 
one end to the other and is marked with 
a scale. Looking through both blood 
and glass at the same time, the wedge 
was moved until they both showed 
“an equal intensity of red colour.” The 
number indicated on the scale was then 
read off, where a reading of 100 should 
be found for a “healthy person,” or 14 
grams of haemoglobin in 100 grams of 
blood, and other scale readings should 
be converted linearly. 

One book on clinical diagnosis 
written by a pathologist gave detailed 
instructions on how to use this instru-
ment, including the conditions of illu-

4 Inventory number 1996-1-0530 in the Harvard 
University Collection of Historical Scientific In-
struments. The description cited here is: (Jaksch 
1899, 22-24)

Figure 1. The von Fleischl Haemometer. 
Courtesy of the Harvard Collection of His-
torical Scientific Instruments.
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mination required for precise measure-
ment.5 Although it did mention diffi-
culties which may arise because human 
color vision was used in the process 
of quantification, the author consid-
ered these problems in a very techni-
cal manner, as if he were speaking of 
an additional instrument. Errors were 
caused by the way the retina functions, 
not because there was a fundamental 
problem with using human color vi-
sion as a means of quantification. For 
example, the manual recommended 
using “both eyes and rest them every 
few seconds, preferably by looking at 
something green, the complementary 
color to red, thus increasing the sen-
sibility to the latter color”. In fact, the 
problems of color vis ion were summa-
rized by saying that “low retinal color 
sensibility for red may add 5 per cent 
more” to the overall error. Although 
there were other methods for determin-
ing the concentration of haemoglobin 

5 (Wood 1905)

which were not based on using color, 
the colorimetric approach was gener-
ally recommended as being faster and 
more accurate.

Another physician recommended 
colorimetric methods to all “those who 
are interested in giving to their patients 
advice founded upon facts rather than 
fads or fancies.”6 He assigned great im-
portance to making measurements of 
quantities such as the density of hae-
moglobin in a patient’s blood, asserting 
that “in practice the name of the disease 
is not so important as accurate knowl-
edge of the physiology of the patient.” 

Constructing a Universal 
System for Color 
Quantification

The underlying assumption of the 
clinical methods presented above (as 
well as similar methods used in chem-
istry and biology) was that proper-
ties such as the redness of blood were 
quantifiable. For optical physicists the 
success of these colorimetric methods 
would likely have served as an indica-
tion that all of color vision should be 
quantifiable in a similar way. Among 
them the three-color theory developed 
by Young, Maxwell and Helmholtz 
was generally accepted.7 This theory 
explained the phenomenon of color 
mixture: a combination of wavelengths 
of the red and green part of the opti-
cal spectrum could make light look the 
same as light containing only wave-
lengths from the yellow part. All pos-
sible colors could be described by the 
6 (Stone 1923)
7 (Sherman 1981)

Figure 2. The von Fleischl Haemometer. 
(Jaksch 1899).



stimulus of the three different types of 
cones in the retina. Three coordinates 
were hence sufficient to completely 
specify a color.

Many psychologists disagreed. But 
they also disagreed amongst each other. 
Some argued that color was not a pure 
sensation (which could be described 
physiologically), but a perception, 
which involved mental processes such 
as memory. Therefore it was inaccessi-
ble to complete quantification, at least 
without a more advanced knowledge 

of the human brain. Others insisted 
that more than three coordinates were 
necessary for a satisfactory description 
of color – aspects such as lustre, glow, 
gloss, transparency and body color 
should be considered. Furthermore, 
time dependent effects such as glitter, 
sparkle and flicker, but also after-imag-
es and adaptation had to be included to 
complete the picture. The experimental 
studies of David Katz and others cor-
roborated this view.8 Some scientists 
8 (Katz, MacLeod, Robert Brodie,1907-1972, tr., 
and Fox, Charles Warren,1904- joint tr. 1935) The 

Figure 3. The color coordinate system of the OSA report. R=Red, G=Green, V=Violet. Small 
numbers indicate wavelengths in nm. (Troland 1922, 527-591).
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considered these effects to be unwanted 
noise, others saw them as essential.

After the first World War, these on-
going discussions became problematic 
due to increasing pressure from vari-
ous industries, which demanded that 
national standards institutions provide 
binding norms. The vast amount of col-
or charts in use at the time (later called 
an “individualistic anarchy”9) – some 
arranged in circles, others in triangles 
or simply in lists and tables – were con-
sidered to damage the economy’s effi-
ciency and competitiveness.10 Further-
more, most of these charts could only 
be used for direct comparison with the 
products themselves, not for precisely 
quantified measurement. Finding a so-
lution which was generally agreed on 
was seen as more important than what 
on exactly this solution was based. 

The “Report of Committee on Colo-
rimetry,” published in 1922, was later 
seen as a crucial step in the develop-
ment of an international color stan-
dard.11 This committee had been set up 
only three years after the foundation of 
the Optical Society of America (OSA) 
in 1916 and had five members. Four of 
them were physicists working in indus-
try, and the chairman had a background 
in psychology. Their report named bril-

first German edition, (Katz 1911), was published 
in 1911. See also (Niederée 1998, 5) and (John-
ston 2001) for other studies. Of course this di-
vision into “physicists” and “psychologists” was 
not complete. Some physicsists such as Ludwig 
Pilgrim also looked into the effects of adaptation, 
and some scientists had mixed backgrounds.
9 (Guild 1934, 69-78)
10 (Johnston 1996) gives a detailed analysis of 
the role of industrialists in the formation of color 
standards.
11 (Troland 1922, 527-591)

liance, hue and saturation as the “three 
attributes” of color, which “can be 
treated as quantities and specified nu-
merically” and “arranged into a system 
such that neighbouring members differ 
from one another in each of the three 
attributes by just noticeable degrees.” 

In this report, color was defined as 
something “radically different in kind 
from its stimul[us],” something entirely 
psychological, but something that was 
still quantifiable. The (purely physical) 
stimulus was seen as being “completely 
specified by [the] spectral distribution” 
of a sample of radiant energy. The con-
nection between these two quantities 
(as they were now defined) was made 
using “psychophysical” three-color 
excitation curves, which mapped the 
infinitely-dimensional space of spectral 
distributions into the three-dimensional 
space of colors. The authors admitted 
that it was “improbable that the curves 
in [this report] faithfully represent the 
actual resonance functions of the el-
ementary chromatic mechanisms in the 
retina.” However this was not seen as 
problematic, as there was “little doubt” 
that the results of future measurements 
were “potentially convertible into terms 
of such actual response functions.” 
However, to ensure that these psy-
chophysical data could be considered 
constant, a standard observer had to be 
defined. This definition included: limit-
ing the field of view to three degrees in 
diameter, restricting admissible inten-
sities of light, specifying previous ex-
posure and excluding “a considerable 
number of individuals [who] possess 
rods in the centre of the retina.” This 
very limited standard observer was 



the psychologists’ main point of criti-
cism against the committee’s report. 
However, the system presented in the 
report was compatible with measure-
ment apparatus available at the time, 
and could be represented graphically 
in an understandable way (Figure 3). 
Furthermore, physicists being a more 
coherent group, the impediment that 
determining a spectral distribution 
(without using human color vision) was 
actually “no easy matter” was success-
fully glossed over.12 The fact that both 
available technologies (the thermopile 
and the photocell) were considered in-
adequate for such measurements was 
not a problem brought up in this OSA 
report.13 The approach chosen in this 
report was hence  influenced more by 
a belief that precise spectroscopic mea-
surements not involving humans eyes 
should be possible in principle, rather 
than by a practical reality of such mea-
surements.

The proposed system presented at 
the 1931 International Commission 
on Illumination (CIE), an organisation 
which met every three years, was very 
similar to that developed by the OSA 

12 (Wright 1944; Guild 1934, 69-78)
13 Even in 1934, physicist J. Guild (who contri-
buted some of the data to the 1931 CIE standard) 
states: “ One thing seems certain: we are never 
likely to get rid of the difficulty of individual 
variations. Thermopiles, while very constant in 
their properties, are not sufficiently sensitive for 
incorporation in reasonably robust colorimetric 
apparatus, while photo-electric cells, far from 
being more constant in their properties than hu-
man observers, are notoriously more variable, 
and I am told by those who are competent to 
speak on such matters that there are inherent dif-
ficulties which make it unlikely that this defect 
will ever be overcome.” (Guild 1934, 69-78)

committee.14 The main difference was 
that new data was available for the 
three-color excitation curves. It was 
based on measurements taken on only 
17 British men.15 The system passed 
the vote, and although the German 
representatives were more skeptical of 
the general approach, when the role of 
presenting a proposal for a colorimetric 
standard was passed on to them at the 
next meeting, they failed to add any-
thing but very minor alterations to the 
1931 system. The 1931 CIE standard 
“unleashed a flood of activity […] in 
the color industries” and was used to 
specify the requirements on road, rail 
and aviation signals.16  Although some 
additional standards (e.g. including a 
larger field of view) have been intro-
duced since, “CIE 1931” is still in use 
today.

Color Black-Boxed

The Klett-Summerson photoelectric 
colorimeter (Figures 4&5) was first 
patented in 1940 and served a similar 
purpose as the von Fleischl haemom-
eter.17 On first sight, its shape and me-
tallic exterior make it look like a train 
engine, its appearance is quite different 
compared to the elegance of the Vien-
nese instrument. It was more versa-
tile, as it was not limited to measuring 

14 (Anonymous2007, 1-8; Judd 1950; Optical 
Society of America, Committee on Colorimetry 
1953, 100-152)
15 (Guild 1934, 69-78)
16 (Wright 2007, 9-22)
17 Inventory number 2006-1-0003  in the Har-
vard University Collection of Historical Scien-
tific Instruments; Summerson, William H. US 
Patent 2193437 (1940); Clinical Manual: (An-
onymous1950)
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blood, but can measure a variety of 
substances.

18
 Most importantly though, 

the process of color-measurement has 
been (physically) black-boxed. A photo-
electric cell was used instead of the hu-
man eye, the source of illumination was 
included in the apparatus (and could 
be controlled by choosing a color fil-
ter) and the results were read off from 
a dial. All the user had to do was fill the 
colorimeter tube with a known amount 
of the solution to be measured. It was 
later marketed as taking “the drudgery 
and error out of the counting of bacterial 
colonies.” Nevertheless, its success was 
not immediate: in 1947 manufacturer E 
. Leitz still marketed models which used 
comparison by eye as high-end instru-
ments.19

Although the instrument was de-
signed to give a reading directly pro-
portional to the concentration of a given 
substance, when it became more widely 

18 However, this was not completely new, as 
models as old as the von Fleischl, e.g. the Du-
bosq model, also had this ability. There, instead 
of using tinted glass, the unknown solution is 
compared with a well-known solution. For an 
overview of different colorimeters, see appen-
dix titled TYPES OF COLORIMETERS AND 
THEIR USE (Myers 1924)
19 (Leitz 1929)

used, many researchers published their 
results in “Klett-units,” along with 
specifying which one of the provided 
color filters was used.20 This highlights 
the influence instrument makers had on 
the science of the time. Furthermore, re-
minds us that universality is (and was) 
not a clearly defined concept. This also 
becomes apparent in a debate which took 
place at the 1924 CIE meeting: French, 
British and American representatives 
suggested the use of electric lamps, as 
their radiation did not depend on hu-
midity and temperature. The German 
national laboratory instead defended the 
amyl-acetate-based “Hefner lamp”, ar-
guing that it could easily be built in any 
lab, whilst electrical lamps could not be 
manufactured in a reproducible way.21 

In any case, the international stan-
dards created by the CIE did not seem 
to find their way into medical and bio-
chemical colorimetry, as human color 
vision had already been dropped out of 
the equation by the successful imple-
mentation of photo-electric cells. This 
type of colorimetry had now become 
quite separate from the “universal” sys-
tem of color which was developed un-
der its influence.

Conclusions: Looking at the 
History of Color

The development of colorimetry 
provides a very interesting, but slightly 
unusual, case study for historians of 
science. Many studies have unveiled 
20 See e.g. (Westland and Beamish 1955, 1776-
1778; Bello and Ginsberg 1967, 843-850; Wald-
ron and Lacroute 1975, 855-865)
21 (Johnston 1996)

Figure 4. The Klett-Summerson Photoelec-
tric Colorimeter. Courtesy of the Harvard 
Collection of Historical Scientific Instru-
ments. 



the process of decision-making in-
volved in the establishment of scien-
tific facts – the (temporary) settlement 
of a debate through various forms of 
authority – where it was not obvious. In 
this case it is much more apparent. The 
minutes of committee meetings clearly 
show how this process worked, and the 
role of seemingly external actors such 
as industrialists or instrument makers 
can be traced more easily. Interestingly, 
the question of (different types of) vi-
sion, often an approach in current sci-
ence studies, here becomes the object 
of study as well. 22

How can we further illuminate the 
development of color measurement? 
Thomas Kuhn‘s  description of sci-

22 (Jasanoff 1998, 713-740)

entific revolutions is difficult to apply 
here, as there was no closed commu-
nity of colorimetrists, no “paradigm” to 
be changed.23 Some of the difficulties 
that arose when physicists took up dis-
cussions with psychologists could be 
explained by the fact that their views 
were “incommensurable,” but this ap-
proach does not get us much further.

The concept of mechanical objec-
tivity was developed by Lorraine Das-
ton and Peter Galison mainly from the 
analysis of images in scientific atlases 
so it requires some translation to be ap-
plied in this case.24 We may ask: were 
scientists worried about “the projec-
tion of their own preconceptions and 
theories onto data?” Were they willing 

23 (Kuhn 1996)
24 (Daston and Galison 2007)

Figure 5. Patent drawing of the Klett-Summerson Photoelectric Colorimeter. (US Patent No. 
2193437 (1940)).
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to use more cumbersome methods so 
long as they did not “collude in the sci-
entist’s wishful thinking?” The medical 
doctor recommending the use of colo-
rimetry to the “busy physician” despite 
the additional time required does fit in 
here.25 For him, making physiological 
measurements was more important than 
naming a disease. On the other hand, 
even when commercial photo-electric 
colorimeters were available, those re-
quiring comparison by eye were still 
widely used. Of course, the methods 
differ in degree, and not in kind – but 
still, the main criteria here seemed to 
be ease-of-use and statistical accuracy.

Thinking of Latourian immutable 
mobiles certainly does provide an ex-
planation for why the CIE system was 
more desirable than a zoo of difficult-
to-reproduce color charts.26 But why 
then were the latter still so persistent? 
The ability of the OSA committee to 
produce tables and graphs gave it 
more power in the “war” of standards 
– still it was not entirely successful. 
However , Bruno Latour’s observa-
tion that “the requirements put on 
knowledge are utterly different if 
one wants to use it to settle a local 
dispute or to participate in the exten-
sion of a network far away” certainly 
applies here.27 Scientific systems 
were not intrinsically and automati-
cally universal, their universality had 
to be achieved painstakingly. Colors, 
patients, flour and lamps all had to 
be “papered over” to fit into the net-
work.  However, in many ways these 

25 (Stone 1923)
26 (Latour 1988, 1-40)
27 (Latour 1987)

concepts do not go beyond being de-
scriptive “only,” at least in the sense 
that they do not provide us with un-
derlying motivations. 28 

Certainly this period of the history 
of colorimetry cannot be described 
as a linear progression on a straight 
path towards objective truth – it is 
a much more complex subject. Be-
yond this realization though, which 
theory of the history of science does 
it support? Some of them aim more 
at presenting the mentality of scien-
tists and their motives. Others focus 
on describing how scientific theories 
are extended into different aspects of 
our world. Each point of view suc-
cessfully illuminates some aspects 
of our story, and certainly makes it 
more interesting. It also suggests a 
direction of further investigation. But 
only if we were to look at our story 
in a certain way, and decide to give 
more weight to some of its elements 
than to others (be they individuals, 
scientific apparatus, communities or 
publications), could we really make 
a decision.

In this way, we are in a situation 
not too different from the members 
of the various committees described 
here. They had to choose a standard 
observer and exclude certain aspects of 
color vision from their consideration to 
come to a conclusion. But unlike them 
we are not forced to do so. After all, 
not adopting only a single method for 

28 See (Shapin 1988, 533-550) for an interesting 
criticism of these ideas. On the other hand it may 
be argued that in the Latourian view, speaking of 
motivations (in a way that they are often used in 
the sociology of scientific knowledge) is not very 
meaningful.
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technology and Fact

Jay Forrester and Magnetic Core Memory 

This collection of engines and mechanisms disconcerts the 
French reader who was looking for a coordinated sequence 
of hypotheses on the constitution of matter and a hypotheti-
cal explanation of this constitution.

Pierre Duhem, The Aim and Structure of Physical Theory 

Helen Keefe

Magnetic core memory is a scien-
tific instrument, but not in the 

same way as a telescope or a barom-
eter.  From the early 1950s until its re-
placement with the silicon chip in the 
1970s, core memory was the mecha-
nism used by computers to store infor-
mation entered by users into its system.  
As an instrument then, core memory 
differs from telescopes, barometers, 
and other similar devices because its 
primary purpose is to be a technology 
rather than a tool for uncovering prop-
erties about the universe.  Still, there 
is an inherent link between these two 
categories of instruments that is rooted 
in the dual-nature of science itself, with 
its both epistemic and practical aims. 
A technology such as magnetic core 
memory can only run successfully if it 
is based on facts that accurately reflect 
physical reality. Indeed, it would seem 
that the most solidified facts are those 
that have crucial human technologies 
constantly depending on them.  To this 

effect then, technologies contribute to 
the side of science that discovers facts, 
even though this is not their explicit 
aim. 

The story of Jay Forrester– a com-
puter engineer turned business ana-
lyst from MIT– and the magnetic 
core memory he made is an apt case 
study through which to examine the 
relationship between technologies and 
scientific theories.  In addition to core 
memory, Forrester is known for hav-
ing developed a theory called “system 
dynamics,” a method for making mod-
els of complex systems based on en-
gineering principles applied to human 
organizations.  In this way, Forrester 
incorporated knowledge gleaned from 
his work as a computer engineer into a 
large-scale theory claiming to explain 
the actual workings of a human social 
system.  Yet the legitimacy of theoriz-
ing according to this paradigm– which 
effectively regards human interactions 
as a machine-like system– is question-
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able for many philosophers of science, 
including notably the physicist and 
historian of science Pierre Duhem.  A 
critical look then at the progression of 
Forrester’s dynamic career and scien-
tific contributions will illuminate how 
technology and theory interact, dem-
onstrating how these distinct domains 
are closely connected.  At the same 
time, this connection does not mean 
that technologies can always be used to 
derive theories, since reality often goes 
beyond what the technology is capable 
of describing.

Technology Based on Fact: 
Magnetic Core Memory 

In a time when nearly every college 
student has his own personal computer, 
it is hard to imagine the world prior to 
the current electronic age.  Stranger 
still is the realization of how discon-

nected modern computers are from 
their ancestral predecessors, whose 
original purpose was quite different 
from the present application.  When 
computers were first invented, they 
were large, specialized calculating de-
vices designed to meet wartime needs; 
and magnetic core memory was a ma-
jor improvement on the quick-access of 
a computer’s stored information. The 
first successful invention of practical 
core memory happened while Forrester 
worked on the US Navy’s Whirlwind 
Project, which was to build an aircraft 
simulator to train bomber flight crews 
but which ultimately became a project 
to make a new digital computer.1  A 
crucial problem for computer engineers 
at the time was in the area of memory 
and information access.  Forrester ad-
dressed this issue by determining how 
to control magnetization through the 
intersection of two wires, developing 
a process called “coincident current 
addresing.” He found that the ferrite 
rings arranged on the wires would ro-
tate consistently in either of two ways, 
depending on which binary number 
passed through the system.2  One num-
ber caused an individual ring to rotate 
in a clockwise direction while the other 
caused a counter-clockwise rotation.  

1 (Redmond and Smith, 1980) (Alderman and 
Richards, 2007)
2 (Redmond and Smith, 1980)
This summary rather oversimplifies the amount 
of work that Forrester and his team of graduate 
students– particularly Bill Papian– put into de-
veloping the technology of core memory.  It also 
leaves out the historical context–i.e. the pressures 
the team faced in meeting their deadline and de-
livering positively on their agreement with the 
government. For a more complete description, 
see Redmond and Smith, 180-185.

Figure 1. A magnetic core memory plane. 
This plane, made out of ferrite iron rings 
strung on wires and held together by a 
wooden frame, would have been assembled 
in stacks within a rather gigantic computer. 
Courtesy of the Harvard Collection of His-
torical Scientific Instruments.



By means of these two different physi-
cal effects, the core memory processed 
the logical commands of a program and 
saved information that had been entered 
into the computer.  Indeed, this saving 
functionality– made possible by hold-
ing the positions of the rings– made 
core memory practically advantageous 
in yet another way, since it could main-
tain stored information even when its 
supply of electricity was turned off.

A closer look at Forrester’s work on 
magnetic core memory reveals a rela-
tionship between scientific theory and 
technology that characterizes the tra-
jectory of this invention.  Apparently, 
Forrester knew previously about the 
potential of magnetic cores for stor-
ing data but could not determine how 
to make it practical.3  In other words, 
there was a theory derived from es-
tablished electromagnetic principles 
that dictated how such a technology 
could work were it to be manufac-
tured.4 With the pressure of a gov-
ernment deadline on his back– and 
still lacking a memory base with 
rapid-access–, Forrester invested 
time into relearning the particular 
electromagnetic principles relevant 
to core memory, which was then just 
a prospect.  According to this theory, 
the magnetic rings should serve the 

3 (Redmond and Smith, 1980)
4 It would be misleading not to mention that 
there was a previous patent for core memory in 
existence prior to Forrester’s, as well as two more 
that happened simultaneously with his patent.  
(See Edwin D. Reilley, Milestones in Computer 
Science and Information Technology, Westport 
CT: Greenwood Press, 2003, 164). Yet Forrester 
is still credited with the invention, given that his 
model was the practical one that was first used in 
a digital computer.

dual-function of being both writable 
and readable, allowing for both the 
input and output of information.5  As 
the authors of Project Whirlwind: 
The History of a Pioneer Computer 
describe it, Forrester’s endeavor 
was simply “[to convert] an attrac-
tive theoretical principle to reliable 
practice.”6  In this way then, the 
technology Forrester built was born 
of theory according to the usual, in-
tuitive way– that is, knowledge about 
the way matter behaves (theory) be-
came the basis for the design of the 
practical craft (technology).  From 
another perspective though, the suc-
cessful creation of magnetic core 
5 (Redmond and Smith, 1980)
6 (Redmond and Smith, 1980)

Figure 2. Jay Forrester holding a plane of 
magnetic core memory.  Forrester’s work as 
a computer engineer became the inspiration 
for the “system dynamics” he later intro-
duced to the realm of business and social 
sciences. Courtesy of the Computer History 
Museum, Mountain Range, California.
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memory itself pointed to the veracity 
of the electromagnetic principles that 
inspired its design– what was merely 
potential in the abstract became actual-
ized in a concrete way, the core memory 
being a material proof for the theory’s 
accuracy.  In this sense, making a tech-
nology functions as a kind of experi-
ment, even though the two operations 
have markedly distinct aims.  Theories, 
in a way, “benefit” when the technolo-
gies they inspire prove victorious. 

Fact Based on Technology: 
System Dynamics

As the example of magnetic 
core memory shows, theories and 
technologies are crucially relat-
ed.  Technologies need theoretical 
knowledge for both their very exis-
tence and also their proper function-
ing; in the same vein, a technology 
can act like an experiment in provid-
ing confirmation of the theory from 
which they arise.  But what happens 
when this order is reversed, and man-
made technologies instead become 
the foundation of knowledge rather 
than theories? Given the previous 
observations as to the closeness of 
these two scientific branches, such 
a question does not yield an obvi-
ous answer.  The next episode in the 
Forrester story offers an example of 
this new kind of paradigm, and the 
kind of results that follow when tech-
nology and theory switch places.  

Forrester’s career as a scientist is 
uniquely marked by its interdisci-
plinary nature.  In 1956, he ended his 
work in computer engineering to join 

the faculty of the MIT Sloan School 
of Management, where he became 
involved in business and social sci-
ences.7  In the same year, he began 
working on “system dynamics,” a 
method for producing models show-
ing how complex systems work, and 
meant to be applied indiscriminately 
to human organizations and physical 
systems alike.8  Grounded in engi-
neering knowledge, system dynamics 
is a theory inspired by technology, as 
it treats the reality of human social 
interactions as though it were a ma-
chine.9 Anticipating criticisms of this 
claim about human behavior, Forrester 
states: 

People are reluctant to believe physical sys-
tems and human systems are of the same kind. 
Although social systems are more complex than 
physical systems, they belong to the same class 
of high-order, nonlinear, feedback systems as do 
physical systems. 10

    
According to Forrester then, hu-

man interactions resemble a ma-
chine; like technologies, they can be 
controlled or made to function in a 
particular way.  Forrester then en-
dorses a deterministic view of human 
beings, which denies that humans act 
freely and thus explains why their in-
teractions can be managed like a ma-
chine.  In this way, Forrester’s sys-

7 (Forrester, 1992)
8 (Forrester, 1958)
9 I am here omitting a discussion of how 17th and 
18th century thinkers used mechanical explana-
tions to describe the workings of the world, al-
though I do touch on it a bit later.  Though rele-
vant, this important consideration is not the focus 
of this paper, and would complicate the issue in 
ways that are unnecessary. 
10 (Forrester, 1958)



tem dynamics is a theory following 
from a technological inspiration.  

Duhem: A Critique 

The theory of system dynamics is 
dominated by the use of models pro-
posing how interactions happen. Using 
models to demonstrate theories how-
ever is not an innovation on the part 
of Forrester; especially during the 19th 
century, many scientists have employed 
models as a way to both understand nat-
ural phenomena and communicate their 
findings to non-scientists.  But scientific 
theories that rely too heavily on mod-
els alone frustrate Pierre Duhem, a late 
19th and early 20th century physicist and 
philosopher, who wrote about the limits 
of such an approach in his well-known 
work The Aim and Structure of Physical 
Theory.11  Duhem finds that a science 
“completely committed to the purely 
mechanical explanation of physical phe-
nomena,” can be neither very accurate 
nor extensively developed.12

In his criticism, Duhem specifically 
refers to William Thomson, the physi-
cist and engineer also known as Lord 
Kelvin, for giving too much prominence 
to models within his scientific reasoning.  
Duhem sees this as an extreme reliance 
on the mechanistic worldview, saying 
“No doubt, wherever mechanical theo-
ries have been planted and cultivated, 
they have owed their birth and progress 
to a lapse in the faculty of abstracting, 
that is, to a victory of imagination over 
reason.”13  Imagination replaces reason, 

11 (Duhem, 1906)
12 (Duhem, 1906)
13 (Duhem, 1906)

Duhem explains, because the English 
scientist crafting a model works on 
suggesting a possibility more than he 
endeavors to abstract based on observa-
tions of what is actually occurring.  In 
other words, constructing a model uses 
more of human originality and craft and 
less of objective reasoning, explaining 
why it is problematic to align making 
models too closely with theorizing.  
But this close association of the two 
is exactly what Thomson endorses. As 
Duhem quotes Thomson’s Lectures on 
Molecular Dynamics:

It seems to me that the test of ‘Do we or do 
we not understand a particular subject in phys-
ics?’ is ‘Can we make a mechanical model of 
it?’... I never satisfy myself until I can make a 
mechanical model of a thing. If I can make a me-
chanical model, I understand it.14 

From the perspective of theoretical 
science, Duhem points out how such a 
starting point cannot be a reliable one 
for determining facts about reality.  
Since it is possible to make an incor-
rect model, simply being able to make 
a model of a hypothetical way that na-
ture acts cannot guarantee its veracity.  
While the mechanical view can and 
often does manifest actual facts about 
causal relationships, it leaves major 
questions at the heart of the pursuit of 
the theoretical scientist unanswered.

Conclusion 

It is necessary to distinguish be-
tween two categories of scientific in-
struments: those designed to determine 
facts about reality and those made to 

14 (Duhem, 1906)
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serve human aims.  This division also 
characterizes the two sides of science, 
namely the theoretical and the practical, 
under which all scientific activities can 
be classified.  Nevertheless, the story 
of Jay Forrester and his two major con-
tributions– one a technology, magnetic 
core memory, and the other a theory, 
system dynamics– demonstrate the in-
terdependence of these two sides that 
illustrates the inherent unity of science.  
At the same time, misinterpreting this 
unity by using technologies to derive 
theories can have problematic conse-
quences for the philosophy of science, 
since man-made models cannot al-
ways encapsulate reality in its entirety.  
Hence, though theory and technology 
function in closely related ways, each 
maintain their own proper domains 
that, when they come together, serve to 
make up science in its entirety.
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heads on dIsPlay

Instruments to Convince the Public

I sometimes wonder if the hand is not more sensitive to the 
beauties of sculpture than the eye. I should think the won-
derful rhythmical flow of lines and curves could be more 
subtly felt than seen. Be this as it may, I know that I can feel 
the heart-throbs of the ancient Greeks in their marble gods 
and goddesses.

  Helen Keller, The Story of My Life   

Grace Kim

Truly, the grotesque is fascinating. 
Frozen in everlasting pain, the old 

man tightens his eyebrows together, 
clenches his eyes shut, and opens his 
mouth in a silent groan (Figure 1). In 
contrast the woman stares blankly into 
space (Figure 2). The left side of her 
face droops while a poor smile reveals 
missing teeth and bloody gums. 

When I first saw these figurines 
from psychologist Hugo Münsterberg’s 
laboratory, I recollected a Japanese ro-
bot that was once hailed as the “most 
humanlike android ever built.”1 In an 
interview the creator emphasized the 
role of an android’s appearance in its 
successful interactions with humans. 
His first android, he recalled, was fash-
ioned after his young daughter, who 
cried in terror when she first saw her 
replica. He had created an android that 
was so similar to his daughter that the 

1 (Epstein 2006, 71)

slightest dissimilarity unnerved her. 
Afterwards the scientist understood 
he had to strive for a resemblance that 
overcame the “uncanny valley,”2 or “the 
dramatic dip in the comfort curve.”3 In 
other words a gap between a mimetic 
representation and the original can cre-
ate a comfortable distance for contem-
plation and sometimes might be more 
2 The uncanny valley hypothesis was first de-
veloped by Japanese roboticist Masahiro Mori. 
The hypothesis charts the emotional response of 
a human being against the human likeness of a 
robot. (Likeness refers to the visual appearance 
and movement capabilities of the robot.) As a 
robot becomes increasingly similar to a human 
being, emotional response is hypothesized to 
become increasingly positive until the robot be-
comes “uncanny,” at which point the emotional 
response sharply declines. Past the “uncanny 
valley,” however, human emotional response 
rises again. For the original paper, see (Mori 
1970). An English translation by K.F. MacDor-
man & T. Minato can be found at: http://www.
androidscience.com/theuncannyvalley/proceed-
ings2005/uncannyvalley.html.
3 (Epstein, 73)
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desirable than a representation that is 
too close to perfect. 

Similarly, as mimetic representa-
tions of real people, these models’ de-
formities are shocking. Indeed the fact 
that halves of their brains are exposed 
is only an afterthought. Instead of be-
ing disgusted by these violent intru-
sions into the body, we are captivated 
by the strangeness of their realistic 
faces, and they easily elicit emotional 
reactions from us. In comparison the 
exposed brains seem rather dull. How-
ever the models’ ability to render visible 
the invisible—that the models bare the 
brains at all—points towards a purpose 
beyond merely attending to our aesthetic 
sense. So what kind of argument are 
these models making? What place did 
these heads have in a psychology labo-
ratory? 

According to Münsterberg, these 
anatomical heads had “significance for 
demonstration only.”4 Unlike whistles 
used for determining the limits of per-
ceivable sounds, rotary chairs used for 
the study of dizziness, or even com-
mon Bunsen burners used for heating 
substances, these models had “nothing 
to do with the experimental problems 
proper.”5 Nevertheless they were includ-
ed in Münsterberg’s list of equipment 
he considered necessary for psychology 
laboratories.6 What was the function of 
a scientific apparatus that was not con-
sidered to be useful for solving “experi-
mental problems proper” but was still 
invaluable to outfitting a laboratory? 

Perhaps these anatomical models 

4 (Münsterberg 1893a, 205)
5 (Münsterberg 1893a, 205)
6 (Münsterberg 1893b)

were effective teaching tools for every-
one except for students of psychophysi-
cal parallelism, a theory relating the mind 
and brain that Münsterberg supported. 
Drawing from the visual characteristics 
of these particular heads and analyses on 
other kinds of anatomical models, I ar-
gue that these heads were dramatic visual 
aids that showcased a specific paradigm 
for those not indoctrinated, such as the 
general public and beginning students. 
Rather than representations that could 
precisely point out relationships between 
specific neural characteristics and men-
tal conditions, these models would have 
been more important as general, visu-
ally evocative symbols of Münsterberg’s 
new psychology. These were heads on 
display for a reason. 

 

Figure 1. Model of the head of an older man. 
Courtesy of the Harvard Collection of His-
torical Scientific Instruments. 



Münsterberg’s Psychology

Hugo Münsterberg (1863-1916) re-
ceived his PhD from Leipzig University 
while studying under Wilhelm Wundt, 
founder of the first psychology labo-
ratory and often regarded as the fa-
ther of experimental psychology.7 At 
the 1889 International Congress for 
Physiological Psychology in Paris, 
Münsterberg impressed American psy-
chologist William James, who eventu-
ally invited him to Harvard to manage 
a psychology laboratory.8 A few years 
later Münsterberg accepted a perma-
nent position in Harvard’s psychology 
department.9

One of Münsterberg’s main ideas 

7 (Schmidgen 2008, 2)
8 (Schmidgen 2008, 5)
9 (Schmidgen, 5

was psychophysical parallelism, which 
postulated that for every mental state 
there was a corresponding physiological 
process in the brain. The psychologist’s 
object of study, then, was to investigate 
the relationships between certain brain 
excitations: these relationships aimed 
to reveal, albeit indirectly, the causal 
link between two mental states.10

In addition to advocating certain 
topics for psychology, Münsterberg 
was concerned with the place of psy-
chology in the scientific world. This 
idea revolved around the establishment 
of adequately equipped psychology 
laboratories. In one essay, “The New 
Psychology and Harvard’s Equipment 
for Teaching It,” he defended the legiti-
macy of psychology as a scientific field, 
in which “empirical investigation into 
the real phenomena of consciousness” 
was possible.11 Alongside the lack of 
professors and students, Münsterberg 
believed the lack of “well-lighted rooms 
of proper size” and suitable equipment 
impeded the advance of psychology.12 
Why were rooms and tools so impor-
tant to Münsterberg?

In Psychology, General and Applied 
Münsterberg pointed out that the dif-
ference between the new and old eras 
in psychology was how the psycho-
logical experiment was conducted. For 
Münsterberg, facts were useful only 
when produced under very specific 
conditions, in which the proper tools 
were used in the proper way. Without 
meeting the conditions of the experi-
mental method, results of psychologi-

10 (Münsterberg 1915, 41-2)
11 (Münsterberg 1893a, 202)
12 (Münsterberg 1893a, 202)
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Figure 2. Model of the head of a young girl. 
Courtesy of the Harvard Collection of His-
torical Scientific Instruments. 



cal investigation were unacceptable. 13   
Therefore, for Münsterberg, the 

physical dimensions of the psychology 
laboratory were as serious an issue as 
the topics of psychology research them-
selves. He had very specific visions, 
for example, of how the layout of the 
rooms in a laboratory could facilitate 
psychological research. In “The New 
Psychology,” Münsterberg used the 
conception of different kinds of work 
carried out “simultaneously in differ-
ent rooms” to visualize the organized 
practice of a wide variety of research 
topics. As “lesser tasks...terminate af-
ter a few months, and be ripe for pub-
lication,” rooms would be cleared out. 
Likewise, as “new themes will be taken 
up,” rooms would fill again.14 

Münsterberg also aspired to help es-
tablish proper psychology laboratories 

13 (Münsterberg 1915, 53)
14 (Münsterberg 1893a, 208)

beyond Harvard. If psychology could 
only progress through the establish-
ment of facts under the proper condi-
tions, Münsterberg needed to instruct 
other psychology laboratories on how 
to set up those conditions. 

One extraordinary example of his 
dedication to other laboratories in-
cludes his participation in the 1893 
Chicago World’s Fair. Open for five 
months with participants from forty-
six nations, the fair was a fantastic op-
portunity for Münsterberg to share the 
meaning and significance of his new 
psychology. 

At the World’s Fair he not only 
worked to increase the reputation of 
Harvard’s psychology laboratory by 
showcasing all of his instruments and 
the kind of research he was involved 
in but also he recognized explicitly his 
mission to respond to those “constantly 
call[ing] for information about the most 

Figure 3. Cropped photograph of Münsterberg’s Harvard Psychological Laboratory, students 
measuring the time required for various mental tasks, Dane Hall, photograph, 1892. Hugo 
Münsterberg is seated at the head of the table. The anatomical heads are on the shelves to 
the right. Courtesy of Harvard University Archives, call # HUPSF Psychological Laboratories 
(BP 1).
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important instruments, their prices, and 
where they may be obtained.”15 As 
such, the catalog that accompanied the 
Harvard exhibit included a remarkably 
thorough list of the 240 pieces of tech-
nical equipment in Münsterberg’s lab; 
addresses of “the most reliable manu-
facturers” of such instruments; and a 
list of books and articles related to lab 
equipment and methodologies.16 In the 
catalog he included these anatomical 
models as well as a picture of them in 
his laboratory (Figure 3). 

Taking together Münsterberg’s fo-
cus on the equipment and physical 
layout of a psychological laboratory 
and his determination to change psy-
chology research in laboratories every-
where, one might reconsider what kind 
of argument he was making at events 
such as the Chicago World’s Fair with 
his anatomical models. That is, he 
might have been displaying these ob-
jects as representations of a new way 
of conducting psychological research 
(Figure 4). If so, then we cannot take 
for granted that all scientific instru-
ments are equal in both the private (in 
a laboratory) and public (in an exhibi-
tion) domains.  In order to consider the 
implications of such a possibility, we 
can explore the objects in question and 
how they compare to similar ones in 
similar contexts.  

Models on Display

The plaster models on display date 
back to around 1890 and were made by 
L. Casciani & Son, a firm in Dublin, 

15 (Münsterberg 1893b, Preface)
16 (Münsterberg 1893b)

Ireland.17,18 L. Casciani & Son was 
founded in 1857 and also produced 
religious statuary for Catholic church-
es.19 This maker fashioned anatomical 
models after the dissections of the anat-
omist Daniel John Cunningham.20

In Münsterberg’s catalog for the 
Chicago World’s Fair, the first model 
is named “Model of the head of an 
aged man, brain exposed on the side.”21 
The skin of the model is remarkably 
similar to the color and tone of real 
skin—peach with a blush around the 
cheeks and the tip of the nose. Multiple 
deep wrinkles also form shadows on 
the face, and tightly closed eyes, knit 
eyebrows, and an open mouth portray 
pain. Together all these details inten-
sify the model’s distressed expression, 
making it seem more alive. On the right 
side of the model, the top of the head 
is completely exposed. But this is no 
neat, practiced incision into the skull; 
rather, it is a rough, haphazard wound 
that saws through the middle of his ear. 
Despite the violent nature of the cut it-
self, his brain is a clean, homogenous, 
opaque, and egg-white mass with tidy 
convolutions and grooves.22 

The second model, or “Model of 
the head of a girl, brain exposed on the 
side,” is even more visually striking 
than the old man.23  Her sickly, pale skin 

17 (Waywiser entry: Model of the head of an 
older man)
18 (Waywiser entry: Model of the head of a 
young girl)
19 (Waywiser entry: L. Casciani & Son)
20 (Spencer 2008, 8)
21 (Münsterberg 1893b)
22 The gyri and sulci are the characteristic ridges 
and depressions, respectively, on the surface of 
the brain. 
23 (Münsterberg 1893b)
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is drawn across protruding cheekbones. 
The shadows on her face are disturbing 
in light of her youth. Her dull blue eyes 
enhance her disoriented look—where-
as her right eye stares blankly ahead 
of her, the left eye lazily drifts down 
to a corner while nearly overtaken by 
a heavily drooping eyelid. In addition, 
her slightly open mouth reveals large 
gaps in her teeth as well as missing 
ones. Her lips are worn and bloody. 

Despite all these differences from 
the old man, the girl’s brain appears 
similar to his. In fact both of their 
brains are so clean and neutral that, in 
juxtaposition with the complexity of 
each of their facial expressions, these 
models are very odd objects indeed.

Another interesting feature of these 
models is how the divisions of the 
brain are portrayed. The bone sutures, 
which are joints or negative boundar-
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Figure 4. Wax specimens in the Harvard Psychological Laboratory in Dane Hall, photograph, 
1892. Courtesy of Harvard University Archives, call # HUPSF Psychological Laboratories 
(BP 3).



ies of the skull’s bones, of both models 
are depicted as positive boundaries via 
leftover portions of the skull. That is, 
remnants of the skull are used to map 
onto the brain the sphenoid, frontal, 
parietal, occipital, and temporal lobes. 
Why this unnatural, unrealistic method 
of demarcating the brain? The models 
represent knowledge in a very vague 
manner. This point becomes more ob-
vious after considering how other kinds 
of anatomical models can be used to 
convey information.  

 

Three-dimensionality in other 
anatomical models 

How can one conceive of anatomi-
cal models as useful representations? 
As philosopher Bruno Latour argues 
in “Drawing Things Together,” the 
two-dimensionality of a sheet of pa-
per enhances the inscription’s role as 

an immutable mobile. He claims that 
this feature allows a fact to circulate 
quickly, be transformed, recruit al-
lies, and execute cooperative action.24 
According to Latour, three-dimension-
al representations, like these models, 
are not very useful at all. However if 
we privilege two-dimensional repre-
sentations of knowledge, then how do 
we explain the persistence of three-
dimensional models? 

Indeed, as the editors of Models: 
The Third Dimension in Science point 
out, the production and distribution of 
three-dimensional models require extra 
time, effort, and financial resources.25 
Therefore we must be open to the pos-
sibility that three-dimensional models 
produce a unique kind of knowledge 
that cannot be conveyed in two dimen-
sions. In his essay, “Plastic Anatomies 
and Artificial Dissections,” historian 
24 (Latour 1990)
25 (Hopwood and de Chadarevian 2004, 8)

Figures 5a&b. Clastic model of the human 
brain-stem by Auzoux. a. This paper-maché 
model of the human brain-stem can be taken 
apart into separate pieces. Small steel hooks 
hold the pieces together. 

b. Close-up reveals 
inscriptions. Names 
differentiate the parts 
of the brain-stem. A 
pointing hand shows 
where parts are de-
tachable (circle). Cour-
tesy of the Harvard 
Collection of Histori-
cal Scientific Instru-
ments. 
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of science Renato G. Mazzolini ex-
plores why two-dimensionality was not 
enough for eighteenth-century scientist 
Felice Fontana (1730-1805). 

When he was charged with establish-
ing the Royal Museum of Physics and 
Natural History in Florence in 1766, 
Fontana began creating what would 
become the main center for scientific 
research in Florence for the next centu-
ry.26 In the museum Fontana displayed 
hundreds of wax anatomical models, 
which he obsessively maintained and 
often upgraded as new discoveries 
were made. According to Mazzolini, 
the models functioned as visual grati-
fications of scientific discoveries, but 
they were intended to increase public 
awareness and support as well.27 

Eventually, however, Fontana be-
came interested in detachable, wooden 
anatomical models. Despite the reduc-
tion in accuracy with this particular ma-
terial, Fontana came to prefer the wood 
because of its durability. Durability 
became an important issue for Fontana 
when he realized that “he wanted a 
model that could not only be looked 
at, but also touched and handled.”28 
Mazzolini argues that the French phi-
losopher Étienne Bonnot de Condillac 
(1715-1780)29 convinced Fontana that 
“learning to see entailed coordinat-
ing sight with touch.”30 Fontana once 

26 (Mazzolini 2004, 45)
27 (Mazzolini, 46)
28 (Mazzolini, 56)
29 Condillac set up the thought experiment in 
which he endowed a statue with one sense at a 
time in order to analyze which sensations give 
rise to which kinds of knowledge. He determined 
that the sense of touch, not sight, is responsible 
for the awareness of external objects. 
30 (Mazzolini, 56)

claimed, “Taking apart an entire man 
piece by piece and then putting him 
back together again… is the easiest 
and surely the most useful exercise for 
understanding the highly composite 
machine of the human body...”31 

However there are many ways in 
which Fontana’s models—both wax and 
wooden—differ from Münsterberg’s 
anatomical heads. For instance one 
reason why wax was considered an 
ideal material for producing anatomi-
cal models was because of “its trans-
parency and the possibility of giving it 
every possible colour.”32 Considering 
this and the fact that wax models were 
often accompanied by separate two-
dimensional watercolors that labeled 
each part, one might conclude that wax 
was used not only as a way to repre-
sent realistically the live body but also 
as a way to differentiate parts from 
one another.33 However Münsterberg’s 
models feature a homogeneously col-
ored brain. Rather most of the effort in 
painting seems to have gone into the 
realistic depiction of the faces. Why 
the emphasis on the facial expressions? 
Why expose the brain at all? 

Fontana’s interest in wooden mod-
els further reveals what Münsterberg’s 
models are not. Even if different colors 
and labels did not instruct the observer 
on how to interact with the model, the 
ability of a model to disassemble would 
impart what kind of purpose the model 
served. However Münsterberg’s brains 
remain stubbornly trapped within the 
owner’s skulls. Neither are they trans-

31 as quoted in (Mazzolini, 59)
32 (Mazzolini, 48)
33 (Mazzolini, 49)
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parent so that we might peer into their 
inner structures. 

These contrasts become more ap-
parent in juxtaposition with some other 
anatomical models that were simulta-
neously present in Münsterberg’s lab-
oratory. For example, Louis Thomas 
Jérôme Auzoux (1797-1880), a French 
doctor-turned-model-maker, supplied 
Münsterberg with a clastic model of 
the human brain-stem (Figure 5a).34,35 
A clastic model can be taken apart into 
separate pieces—like Fontana’s wood-
en models. In fact all the other models 
from Auzoux in Münsterberg’s labo-
ratory were clastic models, or three-
dimensional puzzles.36 That the parts 
of this model are, indeed, detachable 
is obvious by the various instructions 
Auzoux inscribed onto the model itself. 
Azoux labeled the different parts of the 
brain-stem with their names and added 
pictures of a pointing hand to indicate 
where the model could be taken apart 
34  (Waywiser entry: Louis Thomas Jérôme 
Auzoux,)
35 (Waywiser entry: clastic model of the human 
brain-stem)
36 (Münsterberg 1893b)

(Figure 5b).37

Adolf Ziegler (1820-1889), a 
German model-maker who also had a 
medical background, was responsible 
for a series of wax models depicting 
the brains of four different vertebrate 
species—an American alligator, do-
mestic pigeon, rabbit, and a dog (Figure 
6).38,39 It is half of a larger collection 
Münsterberg listed in his catalog as 
“Set of eight wax models, showing the 
phylogenic development of the brain.”40 
In fact all the other items Münsterberg 
included in his catalog that he obtained 
from Ziegler were sets of individual 
models that, together, portrayed some 
kind of change over time—whether 
the development was phylogenetic 
or ontogenetic.41 Therefore although 
Ziegler’s individual models are—like 
Casciani’s—homogenously colored, 
inscriptionless, and cannot be taken 
apart, their presence within a set em-
bodies the concept of time and unveils 
relationships that they could not rep-
resent alone. As such the purpose of 
Ziegler’s models as teaching tools is 
explicitly rendered. 

In contrast there are neither written 
nor pictorial instructions inscribed onto 
Münsterberg’s heads. They were also 
sold individually and expected to fulfill 
their jobs alone. As we can see, even in 
comparison to other anatomical mod-
els in Münsterberg’s laboratory, these 
heads are unique. 

37 (Waywiser entry: clastic model of the human 
brain-stem)
38 (Hopwood 2004, 174)
39 (Waywiser entry: wax models (4) of the brain 
of different vertebrate species)
40 (Münsterberg 1893b)
41 (Münsterberg 1893b)

Figure 6. Wax models (4) of the brain of dif-
ferent vertebrate species by Ziegler. Cour-
tesy of the Harvard Collection of Historical 
Scientific Instruments.
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Conclusion

These objects fascinate me because 
what I thought should be the highlight 
of an anatomical model of an exposed 
head—that is, the brain—is frustrat-
ingly free from anatomical detail. My 
eyes are drawn away from the simple 
and abstract depiction of the brain, and 
instead, towards the perplexing realism 
of the face. 

What can we make of this apparently 
bizarre switch in artistic emphasis? After 
all Casciani did make the effort to de-
marcate—if unrealistically— the various 
lobes of the brain. Although elaborate 
renderings of the faces are unnecessary 
for teaching the location of the parietal 
lobe, there must be some relation be-
tween the faces and the brains’ structures 
that Münsterberg wanted to convey.

Taking into account that Fontana was 
aware his wax models could be used to 
stimulate public appreciation for anat-
omy and that one of Münsterberg’s in-
terests was to do the same for his new 
conception of psychology, it might not 
be so bizarre to believe that Münsterberg 
conceived these particular anatomical 
models as useful for “demonstration” 
not only for beginner students of psy-
chophysical parallelism but also for the 
uninitiated public in general. 

Expose the brain. Show eye-catching 
facial expressions. Reveal these two 
facts in the same object and perhaps 
these models imply some connection be-
tween the two. 

Münsterberg might have used these 
models like uncanny Japanese androids 
in order to create a lasting impression 

and spread the idea of his new psycholo-
gy at opportunities like the 1893 Chicago 
World’s Fair. Because the models could 
capture the wandering eye through their 
explicit expression of realistic yet dis-
torted faces and acknowledge simultane-
ously and quietly the role of the physical 
brain in Münsterberg’s new psychology, 
they may have embodied an interesting 
strategy of recruiting allies for the new 
wave of psychophysical parallelism. 

This essay also brings to light in-
teresting implications about the power 
of the artist in determining the use of 
the instrument. The firm responsible 
for these anatomical models was also a 
producer of religious statuary whereas 
former doctors made the other anatomi-
cal models from Münsterberg’s labo-
ratory. In other words the representa-
tives of Münsterberg’s new psychology 
were made alongside the faces of an-
gels and demons. So did Münsterberg 
choose Casciani, or did Casciani choose 
Münsterberg?

Instruments are useful, but they can 
be used in various ways. The facts they 
produce are not always produced in a 
laboratory or even tangible. Sometimes, 
as I have shown here, they do not even 
require the presence of the scientist—
they can speak for themselves. More 
than a century later, these heads appear 
again in a different kind of exhibit and 
therefore a different context. What do 
they say now? This time, the heads are 
turned towards you.  
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the Father and mother 
oF angIogenesIs

Warring against the Scientific Community 

Dr. [Judah] Folkman was one of those rare figures in modern 
history who literally transformed the way we think about 
health and disease.

William Li, Elsevier Global Medical News (2008)

Joseph Pomianowski

A man has passed away; the man’s 
microscope still exists.  Both the 

man and his microscope made a lasting 
mark on society: each was an actor 
in establishing tumor angiogenesis, 
the growth of new blood vessels in 
tumors, as a medical fact.  In this essay 
I portray the personal story of tumor 
angiogenesis as a relationship between 
man and microscope, or human actor 
and non-human actor respectively, and 
their quest to defy the conventional 
theories of tumor growth of their time. 

From Doctor to Investigator    

Moses Judah Folkman (1933-2008), 
known to friends and colleagues as 
Judah, was the human actor in the fact-
making process.  Born in Cleveland, 
Ohio to a Jewish family, Judah Folkman 
had his mind set on becoming a 
physician; however, his obsession with 
medicine, coupled with his knack for 

investigation, led him to a promising 
career as a physician-researcher.  At 
the age of nineteen, Folkman embarked 
on his medical career as a student 
at Harvard Medical School.  After 
graduating medical school and while 
in surgical residency, Dr. Folkman was 
drafted into the Navy.1 

Folkman’s conscription into the 
armed forces marked the beginning 
of his establishment of fact because 
of his work in the Navy on artificial 
blood.2  While trying to help the Navy 
find out how to keep a rabbit’s thyroid 
gland from undergoing cell death under 
laboratory conditions, Folkman and his 
colleague Fred Becker transplanted 
mice tumor cells into thyroid glands.  
The result was puzzling: the tumors 
developed but stopped growing after 

1 (The Oncologist, 2008)
2 Artificial blood is formally known as cell-free 
blood substitute, and has shown much promise in 
medicine, as for example, in the delivery of gases 
to the cardiovascular system.



they reached a certain size.3  Something 
was wrong.  Practical experience as 
a physician taught Dr. Folkman that 
tumors should keep growing until 
preventative treatment or patient 
death.  Therefore, Folkman decided 
to look at the differences between the 
blood substitute and blood.  To test 
his hypothesis that the cause of tumor 
growth was in blood, Folkman extended 
his transplant of mice tumor cells into 
live mice—an in vivo experiment.  
Voilà!  The tumors grew on the live 
mice without stopping.  And this was 
only the beginning of Folkman’s race 
towards establishing fact.  Biographer 
Robert Cooke wrote in Dr. Folkman’s 
War that, “neither Folkman nor Fred 
Becker could say for sure, though they 
sensed they had observed something 
very important—especially Folkman.”4  
What Folkman needed was a partner—a 
James Watson to a Sherlock Holmes—
to help him prove his hypothesis.  
Moreover, Folkman needed a non-
human actor that could see what the 
human actor could not see.  

The Life of the Microscope

When Judah Folkman was a teenager 
living in Ohio, his parents gave him 
money to buy a car.  Instead, the 
aspiring young doctor bought a more 
promising object—a microscope.  The 
object has a few simple characteristics: 
its assembly date is 1953; its name 
is the Letiz LMBI-T laboratory 
binocular compound microscope, 
which I henceforth name Mama for 

3 (The Oncologist, 2008)
4 (Cooke, 2001)

its motherly role in discovering tumor 
angiogenesis; its maker, the Ernst Leitz 
company, is no longer in existence; its 
part manufacturers are German and 
American but Mama does not speak 
either language; its lens is made by the 
Bausch & Lomb Optical Company; its 
arm is tattooed “DR FOLKMAN”; and 
it lives in Boston.  According to the Fact 
Sheet provided by Dr. Sara Schechner, 
curator of the Museum of History 
of Science of Harvard University, 
the formal medium description is as 
follows:

[The microscope] has a modern, inclinable 
stand with a V-shaped cast-iron base.  The 
arm is a curved handle attached to an upright 
rectangular support that carries the rack and 
pinion and focusing knobs […] The base has a 

plano-concave mirror.5

The Fact Sheet description of the 
microscope is informative but insipid—
it does not differentiate Mama from 
most other microscopes.  But Mama is 
different.  It is not Mama’s parts that are 
any different; it is what Mama allows 
the user to see under its 100x lens that 
is different.

The most important characteristic 
of a compound microscope is its 
magnification—the power to enable the 
human actor to see what the unaided 
human eye cannot see.  The microscope 
uses two lenses:  the objective and the 
eyepiece.6  Mama’s manufacturer gives 

5 Department of History of Science (CHSI). Fact 
Sheet.  Provided by Curator Sara Schechner via 
e-mail.  October 2009.
6 The objective depicts the real, inverted image I 
of the object, and the eyepiece uses that image as 
an object and forms an enlarged virtual image I’ 
that remains inverted. 
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the values of magnification, and Mama 
has a maximum magnification of one 
thousand via oil immersion.  (Oil 
immersion is a technique in which the 
air medium is replaced by an oil medium 
only after a drop of oil is applied to 
a glass slide whereby the objective is 
then turned onto the oil drop.)  We can 
find Mama’s maximum magnification 
by multiplying the magnification of 
the strongest objective (100X) by the 
magnification of the ocular lens (10X).  
Such a magnification is so high that 
it only works well via oil immersion 
technique.  

The use of oil immersion technique 
with Mama is its claim to fame.  
Traveling through air, light will strike 
the object of interest, and two things 
occur:  reflection and refraction, in 
which part of the light wave is reflected 
from hitting the glass slide on the 
microscope, and part of the light is 
transmitted at an angle into the glass 

slide.  What interests the user of the 
microscope is refraction.  The key is to 
“control” the refraction, which is done 
in part by keeping the values of indices 
of refraction closer to one another.  Air 
has a refractive index value of 1, and 
typical glass values range between 
1.5 and 1.8.7  Mama uses oil with a 
refractive index of 1.515.8  Already, 
one can see that the values of the oil 
and the glass are closer than the values 
between the air and the glass.  Usually, 
air is a sufficient medium to allow for 
good resolution and viewing; however, 
to view objects at higher magnification, 
the refraction of light could be too great, 
whereby the path of light is disrupted 
and focus is difficult to achieve. Thus, 
when using the oil immersion technique, 
the user is allowed by the microscope 
to view the object under investigation, 

7 Department of History of Science (CHSI). Fact 
Sheet.  Provided by Curator Sara Schechner via 
e-mail.  October 2009.
8 (Young and Freedman, 2004)

Figure 1. Tumor angiogenesis (left) and Mama (right). Courtesy of the Harvard Collection of 
Historical Scientific Instruments.  



because not all refracted light rays miss 
the objective; hence, information is not 
completely lost.9

The Relationship between 
Folkman and Mama 

The young doctor’s relationship 
with Mama proved to be a fruitful one, 
ultimately leading to the establishment 
of fact.  After Folkman completed his 
two years in the Navy, he climbed the 
ranks of medicine quickly.  In 1967 and 
at the young age of thirty-four, Folkman 
attained the rank of full professor at 
Harvard Medical School, separate from 
his appointment as Surgeon-in-Chief at 
Children’s Hospital Boston.  In 1971 
Folkman published his seminal paper, 
“Tumor Angiogenesis: Therapeutic 
Implications,” in the New England 
Journal of Medicine.  The paper 
proposed that tumors could not grow 
beyond a certain size unless new blood 
vessels formed to supply blood to the 
growing tumor.  Thus the growth of a 
tumor is dependent upon the formation 
of new blood vessels; otherwise, as 

9 (Young and Freedman, 2004)

Folkman hypothesized, if the tumor did 
not have an adequate blood supply, the 
tumor would stop growing.10

Despite Folkman’s rank in the 
medical community, his seminal 
publication led those closest to him 
professionally to turn their backs on 
him and his idea of angiogenesis.  
The National Cancer Institute (NCI) 
refused to accept Folkman’s theory 
about tumors, stating: 

It is common knowledge that the 
hypervascularity associated with tumors is due to 
dilation of host vessels and not new vessels and 
that this dilation is probably caused by the side 
effects of dying tumor cells.  Therefore, tumor 
growth cannot be dependent upon blood vessel 
growth any more than infection is dependent 

upon pus.11

The NCI’s refusal to accept 
Folkman’s commonsensical theory now 
seems absurd; however, in the eyes of 
the NCI, Folkman’s theory lacked proof 
of a causal relation.  Folkman had to 
prove to the scientific community that 
the growth of tumors was caused by 
the formation of new blood vessels.  

10 (Folkman,1971)
11 (The Oncologist, 2008)

Figure 2. Dr. Folkman never gave up his fight against the scientific community.
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The scientific community would not 
accept Folkman’s theory of tumor 
angiogenesis until he could show a 
causal relationship.  Journalist Stephen 
Pincock added, “for many years the 
medical establishment refused to 
accept [tumor angiogenesis] as a valid 
idea.  The largest hurdles came in 
the 1970s when the idea that tumors 
recruit their own blood supply was met 
with overwhelming hostility.”12  And 
thus started Folkman’s struggle with 
the scientific community:  “[he] was 
regarded as an outsider, a surgeon who 
had no business presenting himself as 
a molecular biologist.”13  Interestingly, 
molecular biologists refused to accept 
Folkman as one of them in part because 
he was only a surgeon, whereby 
the biologists cited differences in 
interest and knowledge.  Therefore, 
consistent with theories held by French 
philosopher of science Bruno Latour, 
Folkman had to wage a war against 
the scientific community, and he did it 
with Mama.  But to win a war requires 
allies.  Folkman’s first offensive was to 
appeal to the molecular biologists so 
that they accepted him as part of their 
community—and as he slowly won 
his war, he went from being a “micro-
actor” to a “macro-actor.”14  

In “A Paradigm Shift in Cancer 
Science” David Folkman, Dr. Judah 
Folkman’s brother, wrote:
12 (Pincock, 2005)
13 (Folkman, 2008)
14 Becoming a “macro-actor” requires a “micro-
actor” to convince those who have a lot of power 
into believing in newly introduced theories.  
Eventually, Folkman was able to make allies 
amongst molecular biologists whereby he was 
considered the leading figure on tumor angio-
genesis.

The […] difficulty of obtaining funding for 
his ground-breaking cancer research convinced 
Folkman that […] he needed to develop a new 

science and the measuring tools to support it.15

Believing in his theories and refusing 
to be overcome by opposing forces, 
Dr. Folkman bombarded the science 
community with facts, as seen in his 
roughly five hundred publications.  In 
this manner, with time, Folkman’s 
statements about angiogenesis became 
“hard” enough to recruit allies for his 
war—his theory was turning into fact.16  
The human fact-maker could not have 
achieved his result without the help 
of his greatest weapon—the non-
human Mama.  Folkman was able to 
photograph what Mama projected onto 
the lens, and he published his results 
and Mama’s photographs in science 
journals.  Therefore, Folkman’s ability 
to offer a riposte to non-believers and 
his perseverance in waging war as an 
outsider (a rare result, from a Latourian 
perspective, when funds are limited) 
turned into a story of David versus 
Goliath: Folkman was David, Mama 
was the rock in David’s slingshot, and 
Goliath was the scientific community.

Goliath eventually conceded in 
part because Folkman’s and Mama’s 
behavior—waging a war within 
their scientific community—was 
fundamental in their ability in 
extending their chain of allies.  In 
The Pasteurization of France Latour 
writes about the story of Louis Pasteur, 
who ran a public experiment in the 

15 (Folkman, 2008)
16 A reference to “hard” versus “soft” facts. (La-
tour, 1987)



French village of Pouilly-le-Fort.  
The public experiment claimed that 
immunizations of sheep against anthrax 
would protect the sheep from getting 
sick with anthrax.  Latour emphasizes 
the importance of Pasteur’s public 
demonstration: farmers, journalists, 
and politicians were able to see the 
results of vaccination first-hand.17  
Similarly, Folkman’s establishment of 
fact would not have worked if he had 
not brought Mama (and what it could 
show under the lens) to his seminars to 
convince potential allies of his results 
on tumor angiogenesis.  Although 
Folkman’s demonstration was less 
public than Latour’s Pasteur, Folkman’s 
experiments were successfully repeated 
by scientists in distant labs who read 
his papers, thus, extending the network 
of tumor angiogenesis.

David Folkman quotes science 
journalist Brittany Raffa, who said, 
“Folkman remained an outcast by fellow 
scientists for more than 25 years before 
he could provide substantial evidence of 
his hypothesis.”18 Yet it was not only the 
human actor who was excommunicated 
from science: by virtue of being with 
Folkman at all times, Mama, the non-
human actor, bore the consequences 
of Folkman’s excommunication, 
too.  Nevertheless, both achieved 
great results.  The angiogenesis 
network has been greatly extended 
since Folkman’s banishment from the 
science community in 1971.  Folkman’s 
theories pervaded many scientific 
disciplines, such as ophthalmology, 
cardiology, dermatology, obstetrics, 

17 (Latour, 1988)
18 (Raffa, 2008)

genetics, and molecular and cellular 
biology.  Currently more than one 
thousand laboratories are active in 
angiogenesis research.19  Moreover, 
Folkman patented the first drug to fight 
tumor angiogenesis, and as a result of 
Folkman’s drug patent, pharmaceuticals 
were quick to invest in research on 
drugs with an anti-angiogenic therapy.  
Because of Folkman’s research, ten 
anti-angiogenic drugs are currently 
available for roughly one million 
people who have abnormalities 
associated with angiogenesis.20 (By 
the late 1990s, the Folkmanization of 
America had occurred: Folkman and 
Mama were reinstated into the scientific 
community once they were able to 
follow the strategies later described by 
Latour—they extended their chain of 
allies.21)

Conclusion

Dr. Folkman is referred to as the 
“father of angiogenesis,” so it is only 
fair to call Mama the “mother of 
angiogenesis.”  Both were actors in 
the discovery of tumor angiogenesis: 
Folkman had to have the intuition and 
the drive; Mama had to comply with 
Folkman and had to work accurately 
every time.  More importantly, both 
19 (The Oncologist, 2008)
20 (The Oncologist, 2008)
21 On Sunday, May 3rd, 1998, the front page of 
The New York Times printed an article on cancer: 
“HOPE IN THE LAB: A special report. A Cau-
tious Awe Greets Drugs That Eradicate Tumors 
in Mice.”  In the article the co-discoverer of DNA 
James Watson stated, “Judah Folkman will cure 
cancer in two years.”  Folkman’s ideas were now 
accessible to the general public and supported by 
leading figures in the scientific community.
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helped establish tumor angiogenesis as 
medical fact.  Dr. Folkman passed away 
on January 14th, 2008, and his widow, 
Paula Folkman, recently donated 
Folkman’s microscope (Mama) to the 
Department of the History of Science 
at Harvard.  If Folkman were alive, 
perhaps he would agree that Mama 
was more of an actor than he would 
have thought—perhaps he would 
acknowledge the strange but beautiful 
relationship that led to their success.  
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