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Experiment, as concept and process, has interested scholars in the history
and philosophy of science for a long time. Francis Bacon, often cited as the
champion of modern experiment, pointed out a variety of epistemic functions of experiment, including such different activities as the production
of new phenomena, the classiªcation of these phenomena, and deciding
between competing theories and hypotheses through the presentation of
“crucial” experiments. In the nineteenth century, ideas about the function
of experiment developed further, with Mill’s discussion of his four “experimental methods” as a prominent case, in which experiment was essentially
regarded as means to search for causal relations.1 Throughout the twentieth century, however, philosophy of science narrowed its perspective on
I thank Richard Burian, Michel Janssen, Jutta Schickore, and an anonymous referee, for
discussion and comments, and Nancy Anderson for linguistic help.
1. Mill 1843, book III, chs. 7 and 8.
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The increasing attention on experiment in the last two decades has led to important insights into its material, cultural and social dimensions. However,
the role of experiment as a tool for generating knowledge has been comparatively poorly studied. What questions are asked in experimental research?
How are they treated and eventually resolved? And how do questions,
epistemic situations, and experimental activity cohere and shape each other?
In my paper, I treat these problems on the basis of detailed studies of research
practice. After presenting several cases from the history of electricity—Dufay,
Ampère, and Faraday—I discuss a speciªc type of experiment—the “exploratory experiment”—and analyze how it works in concept formation. I argue
that a fuller understanding of experiment can only be achieved by intertwining historical and philosophical perspectives in such a way that the very separation of the two become questioable.
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2. Duhem 1906.
3. van Fraassen 1981, p. 673; Popper 1959, § 30.
4. Hacking 1983, ch. 9.
5. Hacking (1992) emphasized that need explicitly.
6. Gooding (1990); Burian (1997); Heidelberger (1998); Graßhoff, Casties and
Nickelsen (2000), for example.
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experiment signiªcantly. In response to all too naïve inductivist views,
Duhem rejected any idea that the role of experiment was to generate theories, leaving the testing of theories as the only role of experiment.2 Such a
restricted view, much corroborated by Reichenbach’s explicit distinction
between the contexts of discovery and justiªcation (at least as a popular,
though misguided interpretation), eventually became the philosophical
“standard view” of experiment in the twentieth century. Whether called
the “handmaiden of theory” or “theorizing with different means,” it was
believed that experiment dealt only with well-deªned questions posed by
theoreticians, and only with those.3 To be sure, it was only in rare cases
that the role of experiment was discussed at all. This standard view of experiment was accepted without much explicit discussion. This held even
for Thomas Kuhn’s revolutionary view of scientiªc development and the
ensuing discussions: All seemed to focus on theories and their dynamics,
while experiment received little attention, let alone new accounts regarding its function in scientiªc inquiry.
Only in the 1980s, did philosophy of science again take up the question of experiment. The “New Experimentalism” in philosophy of science
arose, stimulated by Hacking’s emphasis on a “Baconian variety” of experiment,4 clearly emphasizing the insufªciency of the older accounts. At the
same time, historians of science began to focus on experiment, with all its
local, cultural, material, rhetorical, and social aspects. Far from being marginal, such aspects were clearly shown, in many cases, to have a marked
inºuence on the questions pursued by experimental activity and the interpretation of “facts.” While many new perspectives on experiments have
been presented, it is signiªcant that one central area has remained peculiarly unanalyzed, that is, how experiment and knowledge relate. Experiment, in all its material, cultural and social dimensions, serves as a central
tool in generating knowledge. The shortcomings of recent literature concerning experiment point clearly to how necessary it is to bring questions
of knowledge and epistemology back into the picture.5 How do, for example, certain types of experimentation relate to speciªc epistemic situations
and goals, and how should such situations be characterized? Despite
important attempts to address these issues,6 this ªeld of questioning still
remains largely unexplored. This is the focus of my paper.
An important point that has become obvious in recent decades is
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Charles Dufay on two electricities

My ªrst case deals with Charles Dufay, an early eighteenth century, brilliant academician and director of the Paris botanic garden. When he
started his research in electricity in the 1730s, the ªeld was in an unstable
and incoherent state.8 More than a hundred years of research throughout
7. Hacking 1983, pp. 159, 165; Cartwright 1989, p. 352; Carrier 1998, p. 182.
Hacking (1992) was the ªrst to give an explicit “taxonomy.”
8. Heilbron (1979), ch. 9, gives a brief account of Dufay’s research. Dufay’s eight
Mémoires at the Paris Académie between 1733 and 1737 provide my main source; cf. also
his own English summary (Dufay 1734) and archival material from the Paris Academy.
Electricity here always means, of course, what we nowadays call static electricity.
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that the generally understood contrast between theory and experiment is
much too unspeciªc to allow further insights. Both New Experimentalists and some of their opponents agree on the need to differentiate further discussion of “theory” by re-introducing the concept of empirical
regularities, for example, or by differentiating between observation theories, etc.7 In this essay, I shall expand on these previous discussions by
systematically taking into account the types of questions pursued by experimenters, and the characteristic features of various epistemic situations.
What different types of questions are asked in experimental research,
how are they pursued, changed, and perhaps resolved, in experiment, and
how do the features of experiment themselves shape those questions?
What are the speciªc epistemic situations in which certain experiments
are deemed necessary, designed, conducted, and then evaluated? How do
questions, epistemic situations, and experimental activity cohere and
shape each other? I will argue that pursuing such an analysis opens up important new perspectives on experiment. Furthermore, such an approach
will necessarily involve both historical and philosophical analysis, thus
pointing to a type of study that deserves much more attention than it has
received so far.
In what follows, I will rely on historical cases. First, I sketch out four
episodes from the history of electricity. A particular approach to experiment emerges here, one that is distinctly different from the standard account. I call it “exploratory experimentation” and shall, in the ensuing
sections of my paper, discuss its speciªc details. On the base of that discussion I shall return to the general question of this special issue and develop
new perspectives on the relationship between history and philosophy of
science. I contend that a better understanding of experiment can only be
achieved by intertwining historical and philosophical perspectives in such
a way as the very separation of the two become questionable.
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Europe had produced a multitude of different and puzzling phenomenal
effects, such as:
•

•

•

Dealing with those questions proved difªcult, even more so since the
experiments were delicate, the effects tiny, and repeatability difªcult.
Dufay conducted extensive experiments, varying the procedure in many
ways: he might introduce a vast number of different materials, single or in
combination, but also shape, temperature, color, moisture, air pressure,
and the experimental setting: two bodies in touch; in close neighborhood;
in large distance; being connected by a third; and so on. His work led to
remarkable results and bold claims such as all materials except metals
could be electriªed by rubbing, and all bodies except a ºame could receive
electricity by communication. But still he was left with serious questions
as to when attraction and repulsion occurred and then when it sometimes
suddenly switched.
Dufay continued to conduct many experiments, with electriªed and/or
unelectriªed bodies attracting or repelling each other, before and after
touching each other. From those experiments, he extracted a regularity,
which held for every two bodies: When an unelectriªed body was attracted by one that was electriªed, and touched it, it would suddenly repel
after the contact. The sequence of attraction—contact—repulsion formed
a regularity that comprised a lot of previously puzzling phenomena. But it
came into difªculties when more than two bodies were applied. When,
e.g., the repelled bodies acted on a third one, they sometimes repelled each
other, in other cases, however, there was attraction. With more bodies, the
situation became even more complicated. The regularity was not sufªcient
to account for those effects. After additional experiments, Dufay ªnally
made what he called a “bold hypothesis”: If one did not speak of electricity
in general, but of two electricities, with similarly electriªed bodies repelling each other, dissimilarly electriªed ones attracting each other, then his
experimental results suddenly started to make sense. The two electricities,
which were produced by rubbing certain materials, had to be conceived as
corresponding to two classes of materials. Since glass and wax were the
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•

Some materials could be electriªed by rubbing, others sometimes, again others not at all.
Sometimes bodies could be made electric by contact with others,
sometimes not.
Sometimes electricity acted as attraction, sometimes as repulsion.
Sometimes sudden changes regarding attractive and repulsive
effects occurred.
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•

•

•

Thinking in terms of two opposite electricities was accepted
within a few decades and has been common talk ever since. We
take such a concept as unproblematic, self-evident, or even “natural.” As I have indicated, however, the concept was created,
shaped, and stabilized by a huge effort, and in the context of
most intense experimental work.
Dufay is often said to have “discovered” the two electricities.
That talk is in many ways misleading. Dufay did not ªnd a
ready-made thing in the world; indeed, he never claimed that
such a thing as two electricities really existed. What he actually
did, was to realize that the use of such a concept enabled him to
coherently express a great number of experimental results as regularity.
There was a speciªc type of experiment involved. Rather
than testing of a theory, the epistemic goal was to formulate
regularities and create appropriate notions to express them.
I shall discuss the speciªcities of the experimental procedure
later.

Ampère on electromagnetism, looking for “general facts”

In July 1820, the Danish researcher Hans Christian Ørsted announced his
ªnding of the action of a galvanic current on a magnetic needle. The experimental arrangement consisted of a galvanic battery with its “closing
wire” and a magnetic needle suspended as compass needle. When the wire
was brought near to the needle and connected to the battery, the needle
immediately deviated from its normal North-South position and returned
to it as soon as the wire was disconnected. Ørsted’s discovery opened, as
his contemporaries expressed repeatedly, a new and totally unknown ªeld
of research: electromagnetism. There was, moreover, fundamental puzzlement over how to grasp or even just formulate the experimental results.
The needle was not attracted to or repelled from the wire, but set itself
somewhat across. Even more mysterious, the deºection of the needle
changed when it was placed over the wire rather than below it. Such a be-
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most prominent representatives of these classes, Dufay spoke of “vitreous”
and “resinous” electricities. With such a concept, he could immediately
account for hundreds of experiments, i.e., he could subsume them under
general regularities! It was that success that convinced Dufay that he had
hit upon a crucial point, and this is how the two electricities entered our
scientiªc thinking.
Some observations concerning this episode (of which my presentation
gives not more than a rough sketch) should be added here:
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9. My account on Ampère in this and the next sections is based on my more extended,
Steinle (in press), chs. 2–4. For an overview of Ampère’s research, and considerations about
the reasons of his unexpected initiative, see also Blondel (1982) and Hofmann (1995).
10. Ampère’s early research has, due to a particularly bad state of the sources, not been
well studied, even not in the excellent account by Blondel (1982). Williams (1983) has
tried to make sense of Ampère’s own few and incoherent historical remarks in Ampère
(1820a), though with unconvincing result. Through an extended study of diverse archival
material, I have been able to reconstruct his activities; cf. Steinle (2000) and (in press), chs.
2 and 3, and appendix.
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havior was incompatible with the notion of attractive and repulsive forces,
a notion on which all reasoning on physical processes was based. Thus,
there was no language, and thus no conceptualization available even to
formulate the experimental results in somewhat general terms. Ørsted
himself—and many others after him—referred all motions of the needle
to the compass directions which led to lengthy and complicated descriptions and made any generalization impossible. The needle set itself not
only across the wire, but also across established thinking.
It was in Paris that the challenge was most sharply felt. Besides
Jean-Baptiste Biot, the main proponent of the established Laplacian physics, it was an outsider who threw himself into intense studies: AndréMarie Ampère, professor of mathematics at the Ecole Polytechnique, and
totally inexperienced in electricity and in experimental work. Ampère
rushed to work immediately and managed in only three months of feverish work to establish himself as a leading ªgure in the new ªeld.9 I shall
sketch an episode of his very ªrst steps, a period about which we knew little until recently.10 Far from being drawn towards a certain theory, as the
received view of Ampère suggests, his research of that period followed tortuous pathways, pursued various goals in parallel, and had an uncertain
and open-ended character. First, he ªgured out an instrument in which
the effect of terrestrial magnetism was drastically reduced: his “astatic
needle.” The axis of the needle was put right in the direction of the magnetic dip, so the needle could not react to terrestrial effects. With this instrument, Ampère varied many experimental conditions: the strength and
polarity of the battery; the length and material of the needle; and, most
extensively, the position of the needle relative to the wire—above, below,
right, left, horizontal, vertical, etc. His aim in those variations was to ªnd
out which of those factors contributed to the deºection of the needle and
to formulate regularities.
The most difªcult task was to formulate how the effect depended on
position. Ampère realized that the needle always tended to take a right angle towards the wire when the two were in a symmetric position (i.e.,
when the line of shortest distance went through the middle of the needle).
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11. Ampère 1820b, p. 197.
12. ibid., p. 198; my emphasis.
13. Again the talk of “circuit” had been much older, but Ampère gave it an
essentially new meaning by treating the battery and the connecting wire in exactly the
same manner.
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But to which of the two possible positions did the North Pole move? It
was here that the lack of language became particularly pressing. Ampère,
in order to formulate a regularity, had to introduce new concepts. In order
to facilitate reference to the polarity of the battery, for example, he spoke
of the “so-called galvanic current.” The notion of “current” had been used
before in various contexts, mostly to refer to some (speculative) processes
within the wire, but Ampère’s explicit instrumental use was essentially
new. Even more so, Ampère introduced the notions of “left” and “right
hand side” of the current and explained them by imagining a man with a
current running through him from head to toe. If that man turned his face
towards the magnetic needle, his right hand indicated the “right hand
side” of the current, and the “left hand” accordingly. Only with such a
concept, later known as Ampère’s “swimmer-rule,” was Ampère able to
formulate one coherent regularity that he called “directive action” and
that comprised a great deal of experimental results.11 The notions of “left”
and “right” of the wire illustrate strikingly how difªcult it was to form
concepts which allowed researchers to express experimental results in
some generality.
Yet, that was not yet sufªcient. Ampère had realized by chance that the
battery itself exerted an action onto the magnetic needle, much like the
action of the wire. In order to subsume the two cases under one regularity,
he had to assign the galvanic current within the battery a direction opposite to the current in the wire: not from the copper- to the zinc-pole as in
the wire, but in reverse direction. A few days later, however, he saw an easier way. If the direction of the current no longer referred to the poles of the
battery, but was rather taken as a sense of rotation, the regularity could be
given a coherent and more general form. The concept of current as mere
direction was much sharpened here and, this is the essential point, the
battery was “conceived as forming one single circuit with the conducting
wire.”12 The notion of a current circuit, comprising likewise the battery
and its connecting wire, was introduced here for the ªrst time.13 Again, it
is worth noting that that concept was to become most fundamental for all
further research, in particular for Ampère’s own later theorizing about circular currents as the cause of magnetism, and it quickly became part of the
language of electrical research. But the point is that it was created in the
context of intense experimental work of a speciªc type. Its original func-
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tion, and the reason for its introduction, was to facilitate formulating the
regularity of the “directive action” under a most general form.
Ampère on electromagnetism: proving a theory
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To offer a contrast, I sketch a somewhat later episode. Parallel to his search
for regularities, Ampère pursued speculations about the causes of the electromagnetic interaction. By tortuous pathways, he arrived at the hypothesis that all magnetism might be caused by circular electric currents
within the magnetic bodies. That was a breathtaking perspective indeed.
Not only was an exceedingly wide scope envisaged, but the possibility
appeared that one could treat such a theory mathematically, a point of
utmost importance to Parisian academicians.
In looking for empirical support, Ampère considered that if circular
currents interacted with magnets and behaved like magnets, they should
also interact with each other, without any iron involved. In order to test
this hypothesis, he designed a speciªc experiment. The central part of the
apparatus consisted of two spirals of wire, placed face to face in two parallel vertical planes. One of them was mounted on a ªxed stand, while the
other one was suspended like a pendulum and moved easily towards the
ªrst spiral. Ampère expected that the spirals, when connected to the battery, should either attract or repel each other. But at ªrst, and for a long
time, he could not obtain that effect. He suspected the failure was caused
by too much friction within the apparatus due to inappropriate suspension
techniques (a particularly delicate point that involved the totally new
technical challenge of combining the best electrical contact with the least
mechanical friction) or by insufªcient battery power. His attempts to optimize any of these components went so far that he spent a half of a month’s
salary on the strongest battery available in Paris. And with that apparatus,
he succeeded in obtaining the expected effect, right there in the instrument maker’s workshop. Only a few hours later, he proudly announced the
new effect in a lecture to the Paris academy, presenting it as a “deªnite
proof” of his hypothesis of circular currents as cause of magnetism.
The experiments, which ªnally led to that result, differed signiªcantly
in character from those described above. Throughout the series, the central elements of the experiment remained unchanged—the arrangement
was designed, after all, to test a clearly formulated expected effect. What
actually changed in the course of the experimentation were parts, which
Ampère considered as possibly hindering the effect. He conducted
well-directed optimizing, not broad exploration. From the ªrst idea to
the ªnal evaluation, the experiment was deªned by the expectation of a
hypothesis. Accordingly, the result was not an “if—then” regularity, but
considered to be an experimental “proof” of the theory.
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Michael Faraday on induction and magnetic curves

14. For the various attempts to obtain an induction effect, see Ross (1965) or Devons
(1978).
15. The following sketch is based on my account in (Steinle 1996) as a result of studying both Faraday’s laboratory Diary (Martin 1932–6) and his published account (Faraday
1832a). For an extended study of the episode, see also Romo and Doncel (1994). For Faraday’s situation around 1830, see the sketch in James (1991a), pp. xxxv-xxxvi, or else in
James (1991b).
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Electromagnetism developed rapidly in the decade after Ørsted’s initial
discovery of 1820. New effects became known, such as rotatory motions,
and new devices developed, such as electromagnets. Ampère worked out
his theory, soon called “electrodynamics,” that comprised the interaction
of currents and aimed at explaining all electromagnetic and magnetic effects. One major unsolved problem remained. Despite repeated attempts,
the reversion of Ørsted’s effect could not be obtained: an action of magnetism onto galvanism or electricity.14 When Michael Faraday, then director
of the laboratory of the Royal Institution of London, was for the ªrst time
free to choose his own research agenda in the summer of 1831, he chose
electromagnetism and took up this question.15 Probably stimulated by
recent improvements in electromagnets, he designed a special arrangement: a soft iron ring with two separate sets of coils wound around it, one
of which was connected to a battery, the other to a galvanometer. And indeed he succeeded: As soon as the ªrst coil was connected to the battery,
there was a detection of a current in the second coil. Since the two were
separated, Faraday realized that he had succeeded in obtaining the longsought induction effect.
But the effect raised many questions. The induction ring was a complicated arrangement, and it was not at all clear whether the induced current
in the second coil was caused by a magnetism of the ring which itself originated in the current of the ªrst coil, or by some direct inºuence between
the two coils. Even more puzzling, the effect occurred only when the current was switched on and off, and not when the current was steady. These
questions kept Faraday from publishing the effect immediately. Instead he
undertook several months of intense experimental work. His general idea
was to simplify the arrangement and to separate the diverse circumstances.
In doing so, he varied a great many of the experimental parameters such as
the geometry of the arrangement, the setting of the coils, the material of
the core and the use of the battery. At ªrst, he distinguished between two
types of induction: induction of currents by currents, without any magnets involved (this he called “Volta-electric induction”), and induction of
currents by magnets, without any other current (such as by a battery) in-
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Exploratory experimentation

The above cases show different uses of experiment. On the one hand, the
type of experimental activity in my second Ampère case closely reºects the
16. Shortly later, he even widened the concept so far as to include all effects of
volta-electric induction, (Steinle 1996).
17. Faraday 1832b, § 238.
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volved “magneto-electric induction.” For both types, he attempted to formulate a regularity.
I shall only deal with his work on magneto-electric induction, a case
that turned out to be much more complicated than Volta-electric induction. Again much of this work concerned the variation of experimental parameters, such as the magnet’s shape and strength, the shape and thickness
of the wires, and the overall conªguration. Once it became clear that the
relative motions of the wire and magnet were an essential factor, he varied
both direction and speed. It was here that the most serious difªculties
arose. In particular, it was not clear what features of the apparatus provided an appropriate reference system for expressing those motions: Faraday tried the magnetic poles, the direction of the wire, the direction of the
magnet’s axis, the compass directions, and even Ampère’s hypothetical circular currents within the magnet, but in no case could he formulate a regularity consistent with the experimental results. Finally, he tried the set of
“magnetic curves,” i.e., the patterns formed by iron ªlings around a magnet. Those curves had long been known but never considered more than a
curiosity. Success was immediate. All the experimental results could now
be comprehended under a single principle, the “law of electromagnetic induction.” In whichever way the wire was moved, a current was induced in
it, as long as it literally “cut” the magnetic curves. With this law, Faraday
not only could comprise most of the effects of magneto-electric induction,
but also deduce other induction effects.16 Most important, the transient
character of the effect was no longer mysterious, but built into the law:
the effect lasted only as long as the motion continued.
It was with this episode that “magnetic curves” obtained, for the ªrst
time, an important status in magnetic and electromagnetic research. Later
to be renamed “lines of force,” they would eventually form the fundamental concept of electrodynamic ªeld theory. However, when Faraday introduced it for the ªrst time, he hurried to emphasize that it was nothing but
a means to formulate regularity: the curves should be conceived only as
“mere expressions for arranged magnetic forces.”17 Both the experimental
work and the problem constellation in which he made his unusual proposal show striking analogies to the Dufay and ªrst Ampère case.
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18. Duhem (1906), ch. 10; Popper (1934), § 30; van Fraassen (1981)
19. Hacking (1992); Gooding (1986); Gooding (1990); Rheinberger (1992);
Rheinberger (1997).
20. Pictet (1820); Ørsted (1820); Schweigger (1821); Davy (1821); Seebeck (1821);
Conªgliachi (1821).
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common view of experiment. There was a theory that led to expecting a
certain effect; the expectation led to designing and conducting an experiment; and the success of the experiment counted as support for the theory.
Philosophers, such as Duhem, Popper, van Fraassen, and many others, who
in other ways hold differing views, would agree: yes, this is how experiment works.18 Indeed, the case shows that there are experiments of such
type in scientiªc research, even if one goes beyond the scientists’ own rhetoric and concentrates on practice. But by focusing on research practice, a
richer perspective on the possible role of experiment opens up. And indeed, the more differentiated views on experiment brought forward in the
last two decades are based on studies of research practice. Hacking’s notion
of “topical hypotheses” as contrasted to background knowledge and systematic theories, has some similarities to what David Gooding introduced
as “construals,” meaning provisional interpretations near to the experimental level. Hans-Jörg Rheinberger, with his division between “epistemic things” and “technical objects,” points sharply to the precarious
location of experiments in the ever-shifting area between stability and
openness.19
Not much attention has been paid, however, to how those different
epistemic goals may result in different types of experimental work. The
historical episodes provide sharp indications here. Dufay was deªnitely
not interested in microscopic theories about the ‘hidden nature’ of electricity (though he was well aware of the long history of speculations on
that question), but rather he intended to establish regularities on the level
of phenomena and experiments, in a ªeld that he found in an incoherent
and unstable state. His experimental procedure was directed toward that
goal, but at some point he realized that the existing vocabulary and concepts were simply insufªcient or inappropriate. Likewise, Ampère’s goal
in his early research was to ªnd a way to express what he and others saw as
a most puzzling experimental result, and to formulate regularities about
the electromagnetic effect. It’s worth noting, as a historical observation,
that Ampère was far from alone in that respect. With no knowledge of
each others’ work, many researchers all over Europe, in the period right
after Ørsted’s announcement, pursued a similar type of experimental activity.20 What they had in common, despite their differing theoretical
opinions on the nature of electricity and magnetism, was their peculiar
puzzlement. They realized that traditional notions, let alone their theo-
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In the procedure of systematically varying experimental parameters, the crucial question is, of course, which parameters to vary,
and how many. In principle, the number of possible parameters
to be varied is unlimited. Neither a starting nor an end-point
seem to be discernible. In research practice, however, things are
different. First, previous experience in the ªeld or in related ones
provides some ideas about where to start, i.e., about what might
be promising candidates for being relevant parameters and what
not. In the case of electromagnetism, nobody started with varying the color of the wires, since it was well known, from numer-

21. Steinle (1995, 1997), among others.
22. It is this systematic character of exploratory experimentation which has largely
been overlooked. David Gooding, for example, in his account of Faraday’s work, does not
even mention the central enterprise of “reducing” certain effects to a “simple case;” cf.
Gooding (1990).
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ries, were insufªcient for expressing the strange behavior of the magnetic
needle when placed near the wire. Likewise, Faraday, in analyzing the puzzling induction effect, focused on formulating the experimental results
into some generality, but realized that the traditional conceptual resources
did not sufªce.
For convenience, I have labeled that type of research “exploratory experimentation.”21 Far from being a mindless playing around with an apparatus, exploratory experimentation may well be characterized by deªnite
guidelines and epistemic goals. The most prominent characteristic of the
experimental procedure is the systematic variation of experimental parameters. The ªrst aim here is to ªnd out which of the various parameters affect the effect in question, and which of them are essential. Closely connected, there is the central goal of formulating empirical regularities
about these dependencies and correlations. Typically they have the form of
“if—then” propositions, where both the if- and the then-clauses refer to
the empirical level. In many cases, however, the attempt to formulate regularities requires the revision of existing concepts and categories, and the
formation of new ones, which allow a stable and general formulation of the
experimental results. It is here, in the realm of concept-formation, where
exploratory experimentation has its most unique power and importance.
There is, ªnally, often the attempt to develop experimental arrangements
that involve only the necessary conditions for the effect in question and
thus represent the general regularity or law in a most obvious way. Those
experiments are attributed a particular status in that they serve as core
effects to which all other phenomena of the ªeld can be “reduced.”22
None of those points, of course, are epistemologically innocent:
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ous experiments in the mid-eighteenth century, that color did
not affect electrical effects. Without providing a rigid framework, those aspects enable, in all their variability with individual backgrounds, a pragmatic entry point into the procedure.
Second, the question when to end is also pragmatically treated.
After all, the procedure of systematic variation has a deªnite
goal: to formulate stable and ever more general empirical regularities. Once a tentatively formulated regularity comes out to be
stable, that result is usually taken to indicate that the essential
experimental conditions have been grasped, i.e., that the variation procedure has succeeded. Further variations are only needed
when there is the intention to widen the scope of that regularity.
And in this respect, it is mainly a matter of personal ambition,
and of the resources and time available, how far the procedure
will be driven. Dufay was quite ambitious here, as was Faraday.
Ampère, by contrast, saw a pathway to extend further the generality of his regularities, but dropped the enterprise at some
point, in favor of a different one that would more likely resonate
in the Paris academy. While stability is an essential requirement
for regarding the variation procedure as successful (and hence to
stop it), the scope of generality to be achieved is rather a matter
of choice. Between the pragmatically shaped points of start and
end, there is a wide space for individual preferences, biographical
and cultural factors, and not the least for chance, to affect the
choice of certain factors to be varied.
Discussion of empirical regularities and then contrasting them
to theories in a narrow sense, which involve reference to “theoretical entities,” has its own problems. As common as such a distinction was in the nineteenth century, it became much debated
in the twentieth. Though it has become clear that the very categories of empirical, observable, and hidden are not entirely sharp
(and, moreover, are historically shifting), it seems likewise obvious that it makes good sense to keep some aspects of these distinctions.23 This holds in particular for all studies of research
practice, and it is not by chance that the distinction has been
taken up by philosophers of the “New Experimentalism.”24 An
aspect that has not found much attention is that stable empirical

23. The point is clearly exhibited by Nagel (1961), ch. 5.
24. Hacking (1983, p. 159) or Cartwright (1983, p. 352), for example. Even critics of
the New Experimentalism concede the need for differentiating the general notion of theory: Carrier (1998).
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It is not just a single regularity that is the result of exploratory work, or a
disconnected collection of those, but often a coherent system. At its core,
there are the most general regularities or “laws.” Named “general facts,”
“simple” or “pure cases,” “elementary experiments” or the like,27 they refer
both to verbal formulations by means of certain categories and concepts,
and to experimental arrangements which involve only the necessary experimental conditions and thus represent the regularity in particularly clear
form. Any particular effect can be attributed a deªnite place within the
system, connected to the core effects by a chain of intermediate effects,
25. Mill 1843, book III, chs. 7 and 8. A related shortcoming of Mill’s account is the
missing insight that the scope of experimental factors to be varied is unlimited in principle.
26. The point of the ºexibility and revisability of concepts within experimental acting
has been overlooked even in the very stimulating account of experimentation presented by
Graßhoff, Casties and Nickelsen (2000).
27. Those are terms used by Ampère and Faraday on different occasions; cf. Ampère
(1820b); Faraday (1821); Faraday (1832a).
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regularities are required for a reliable handling of the ªeld in
question, even though there may be no explanatory theory at
hand.
The point of revising categories and concepts is crucial and
opens the perspective beyond naïve empiricist accounts. After
all, the procedure of varying parameters in order to get insight
into correlations and dependencies is reminiscent of the four experimental methods proposed by John Stuart Mill, who cast
them in terms of a search for causal relations. In Mill’s view,
however, the categorization of the ªeld had to be achieved and
ªxed in advance by a rather unspeciªed process, mainly by a sort
of contemplation.25 Only within an already given conceptual system could Mill’s experimental procedures lead to insights into
causality. In research practice, by contrast, it is often the case
that the categories which researchers had initially in mind end
up being inappropriate in that they do not allow for the formulation of stable regularities. And in the ensuing process of revising, newly forming, and stabilizing categories and concepts, experimentation often plays a central role. Any new concepts have
to prove themselves by enabling the formulation of stable and
ever more general regularities of the experimental results. During the whole process, experimentation and the formation of
concepts are closely intertwined. Action and conceptualization
stabilize or destabilize each other at every step.26

422

Experiments in History and Philosophy of Science

Experiment and concept formation

The far-reaching epistemic signiªcance of exploratory experimentation
has to do with its speciªc goal. It is directed at ordering and categorizing,
at the level of categories and concepts, as elements of language. Exploratory experimentation typically starts when those categories have been
destabilized, i.e., been revealed as being inappropriate to deal with the effects in question. Experimentation then goes hand in hand with revising,
28. I have elaborated that point for an earlier Faraday episode: see Steinle (1995).
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and thus be explained by, or “reduced” to the general laws. Thus the system of regularities gains explanatory power.28
The contrast of exploratory experimentation to the theory-driven type,
as understood as the standard view, is not only visible in the different
epistemic goals (search for regularities vs. test of expectations), but also in
the character of the guidelines of the experimental activity. The rather
unspeciªc guidelines of exploratory experimentation bear a methodological character, and give rise to a variety of broadly dispersed experiments.
The categories and concepts by which experiments are described and ordered arise typically at the end of experimental series, as their very result.
Theory-driven experiments, in contrast, have such an ordering—and
much more: a formulated, though perhaps provisional theory—as a precondition from the outset, and are in all essential details determined by
that theory. Not a broad variety, but a single, elaborated arrangement is
typically dealt with here. A third related difference is visible in the character of the instruments and apparatus used. Instruments for exploratory
work have to allow for a great range of variations, and likewise be open to
a large variety of outcomes, even unexpected ones. The restrictions posed
by the instrumental arrangement must not be too conªning. In testing
well-formulated expectations, by contrast, instruments are speciªcally designed for a single effect. The possibilities of variations are much restricted, and so is the openness to outcomes that are not in the range of expectation. Ampère’s different experimental arrangements are a good
illustration of this point. Whereas the instrument for the “directive action” allowed many variations of position and many different outcomes,
the apparatus for the attraction of spirals was restricted to proving or disproving the attraction of spirals. The suspension of the moveable spiral,
for example, excluded, by its very design for lowest friction, any sidewise
or rotatory motions of the spiral. The theory-driven character of the experiment was reºected in the high speciªcity of the apparatus, at a considerable cost to ºexibility and openness to unexpected results.
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if after years we were to look back upon a ªeld we have worked in,
we could no longer see or understand the difªculties present in that
creative work. The actual course of development becomes rationalized and schematized. We project the results into our intentions;
but how could it be any different? We can no longer express the
previously incomplete thoughts with these now ªnished concepts.29
It is those very points which give the new categorizations and concepts
lasting effect and inºuence. Structuring a ªeld on the level of categories
and language means fundamentally shaping all further research, to give it
certain directions and rule out many others in rendering them literally unspeakable and unthinkable. Whereas the immense epistemic signiªcance
of categorizations and language have often been realized in the life sciences—one may just recall all the efforts of classiªcation in natural history—it has been much out of focus and underestimated in the physical
sciences and in the hereupon based traditional philosophy of science.
The above cases are illustrative here. Dufay’s two electricities became
unproblematic parts of electrical language within a few decades, and
the former approach of conceiving one uniform electricity disappeared
entirely. It is indicative, for example, that even in the later debate between
one-ºuid and two-ºuid theories it was never questioned that talking
about two electricities made perfect sense when it came to ordering the
ªeld and to guiding experimental activity. The debate rather concerned
29. Fleck ([1935] 1980, p. 114); English translation from Fleck (1979), p. 86. Similar
observations by practitioners can well be found in Claude Bernard (1865), Michael Polanyi
([1958] 1994), and François Jacob (1998).
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reforming, and re-stabilizing those categories. The main criterion for stabilization is that the revised or newly formed concepts allow exactly what
the former ones failed to do: formulating stable and more or less general
regularities on a phenomenological level, and thus enabling a reliable handling of instruments and apparatus. After such a process has come to a
successful end, a new view has been achieved, and often the new concepts
are included in common talk. They form part of the language guiding
even everyday actions, disappear as possible objects of revision, and tend
to appear as unproblematic or even “natural.” At the same time, the older
view disappears. Once a new and successful conceptualization or, to use a
great phrase, a new language, has been formed, it becomes difªcult to put
oneself back in the previous state in which that language did not exist.
Ludwik Fleck, one of those reºective practitioners who pointed to an
epistemic variety of experiment, highlighted that point sharply:
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The ªrst clear and systematic division between electric and magnetic effects by William Gilbert in 1600 was based on broad
exploratory experimentation.30
After Luigi Galvanism’s spectacular announcement in the 1790s
of the effects which quickly were named after him, broad exploratory research started in many parts of Europe. Within a short
period, new and abstract means of the representation of galvanic
arrangements were developed by Alexander von Humboldt and
Johann Wilhelm Ritter.31
In the work of Michael Faraday, there are many more striking
examples of long-lasting and successful exploratory experimentation. His research on magnetism, for example, resulted in a complete reorganization of the research ªeld and ªnally in his
self-conªdent proposal of using “lines of force” as the fundamental concept of electricity, magnetism, and electromagnetism.32
When Julius Plücker undertook, in the 1860s, research on electric discharges in rareªed gases, he developed in long exploratory

30. Gilbert 1600.
31. Trumpler (1997, 1999).
32. See Gooding (1985a, 1985b); Steinle (1994, 1995, 1996).
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the question of how to explain those concepts by a microscopic theory: by
assuming two ºuids, or rather imbalance (excess and lack) of one ºuid.
Likewise, Ampère’s concept of a current circuit rapidly became an
unproblematic part of the common talk on galvanism, replacing the older
view according to which current was deªned with reference to the poles.
Most prominently, Ampère himself considered, in all his later reasoning
on microscopic circular currents, the concept of a current circuit as an
unproblematic foundation. Similar observations hold, ªnally, for Faraday’s
“magnetic curves,” though it took, in that case, several decades until the
concept appeared acceptable—it was just too intellectually distant from
traditional thinking. Nowadays, however, we take it up in school. Since
those notions now appear as somewhat natural, the very fact that they have
been created out of hard labor easily slips out of view.
The disappearance of exploratory experimentation from scientists’ own
presentations led also to its disregard and serious under-representation in
historical and philosophical accounts. A closer look at research practice,
however, shows that it has been far more common in scientiªc research
than hitherto realized. Many basic notions of scientiªc language have been
formed in the context of such activity. A brief look at the history of electricity offers striking cases. I list but a few:
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periods the basic concepts for dealing with that puzzling and
endlessly variable ªeld.33
Examples can also be found in other ªelds:
•

•

•

In all those cases, selected rather randomly, there was intense exploratory work conducted, categories revised, and new concepts developed.
Although not all of those revisions were as fundamental as the ªrst clear
distinction between electric and magnetic effects or the introduction of
circular reaction patterns into biochemistry, the long-lasting formative
power of these developments is still highly visible. As the case of the concept of chemical reaction illustrates, many of the categories and notions
thus developed have even become parts of everyday language.
As the above list illustrates, exploratory experimentation is not so
much bound to certain historical periods, ªelds of research, or scientiªc
33. Hiebert (1995).
34. See Klein (1994, 1996).
35. See Klein (1998).
36. See Holmes (1993); Graßhoff, Casties and Nickelsen (2000).
37. Burian 1997, p. 27, original emphasis.
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•

The concept of chemical reaction was formed and developed in
the seventeenth century on the background of broad experimentation, not by single prominent individual researchers, but
rather within a community with a structure that allowed for
close communication.34
In entering the “jungle” of organic chemistry in the 1830s, most
intense and broad exploratory experimentation led to developing
new concepts and means of representation, such as formulas.35
Biochemical research was revolutionized in the 1930s by the introduction of the idea of circular reaction patterns by Hans
Krebs. The experimental research that led Krebs, in studying
urea biosynthesis, to develop that idea for the ªrst time, had
long and essential exploratory phases.36
In another ªeld, Jean Brachet’s research on protein biosynthesis
in the 1930s and 1940s led to introducing new central concepts.
His experimental work was mostly of the exploratory type. The
fact that Richard Burian introduced the category of “exploratory” experimentation in analyzing Brachet’s work, strongly
supported my independent proposal. Burian’s emphasis that “the
style of exploratory experimentation . . . should be of great historical and philosophical interest” signiªcantly underscores my
claim of the high epistemic importance of that activity.37
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History and philosophy of science

The case of exploratory experimentation illustrates my initial claims about
the necessity of combining historical and philosophical research. On the
one hand, exploratory experimentation, by its intimate connection to the
level of categories and language, is of essential (though often underestimated) importance in scientiªc research. Neither the process of generating
knowledge nor the structure and boundaries of the resulting knowledge
claims can be truly understood without taking exploratory experimentation into account. Both are, likewise, problems of history and philosophy
of science. On the other hand, the only way to specify such a type of experimentation and to study its characteristics is a detailed analysis of research
practice in contrast to later presentations of scientiªc results and, often
enough, even to scientists’ own later tales about their activities. Using
Jacob’s metaphor, we have to focus seriously on the “night science,”
whereas philosophical analysis hitherto has almost exclusively dealt with
“day- science.” Such work is of a genuine historical type, and has to be informed by modern historiographical methods and standards. At the same
time, however, it is plainly clear that such analysis has to be guided by
questions about the epistemic process itself, its differentiations, the levels
of knowledge aimed at, and the explanatory goals that researchers have in
mind— i.e. by questions that have a genuinely epistemological character.
Research of such a type can no longer be clearly identiªed as historical or
philosophical in the traditional disciplinary sense.
Additionally, I have emphasized and illustrated that exploratory experimentation is less a matter of particular subject ªelds, periods or traditions,
but rather of speciªc types of epistemic situations in which it typically
occurs. The qualiªer “typically,” that is to say, “typically, but not necessarily,” is deliberate. What actually happened in speciªc situations was only
rarely determined by such an epistemic principle alone, but also by the actor’s speciªc situation—biographic, sociological, material—and sometimes even by mere chance. Studies of research practice that incorporate
those different aspects reveal, in a striking manner, how that complexity
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traditions, but ªrst and foremost to speciªc epistemic situations: those situations namely in which, for reasons whatsoever, the very concepts by
which a certain ªeld is treated have been destabilized and become open for
revision. Situations in which theories and well-formed expectations are
tested, in contrast, require a well-elaborated conceptualization, a stable
language by which the expectation can be expressed in the ªrst place. Exploratory and theory-driven experimentation are connected to different
constellations and situations of our knowledge, to different regimes of stability on a conceptual level.
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38. For a discussion of an illustrative Faraday case, see my (1996).
39. The contrast between Ampere, Biot and Faraday, for example, in their simultaneous
research on electromagnetism, is most instructive here; cf. chs. 3, 4 and 6 of my (in press).
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entails an inherent fragility of the research process at every step.38 In
epistemic situations which (according to principles of empirical research)
would have required broad exploring, researchers could chose (and actually did so sometimes) to follow other than exploratory pathways. Sometimes that led them into a cul-de-sac, sometimes to totally unexpected
successes that changed drastically the set of interesting questions.39 Such
an impure mixture of general epistemic principles and speciªc historical,
material and biographical constellations is, I think, most characteristic
not only of experimental research, but of scientiªc development in general.
Such an observation gives rise to fundamental questions about the
status of general epistemic procedures and of speciªc historical and cultural settings, questions that also arise in the other papers in this special
issue. On the one hand, there seem to be concepts, guidelines, principles
of reasoning, and experimental procedures that are typically connected to
epistemic situations of a speciªc type, situations that may occur in diverse
subject ªelds and historical periods. Those features seem to be to some degree trans-contextual and trans-historical. On the other hand, it is likewise clear that the speciªc local, material, historical, social and cultural
settings of knowledge generation do affect the questions posed, the modes
of reasoning, the guidelines and meta-notions (“error”, for example), the
experimental procedures, and hence the knowledge generated.
Taking both of these insights seriously, we are placed in a somewhat
uncomfortable and most challenging situation. We have to give up the
easy generalizing claims, be it the claim that all scientiªc reasoning went
and goes along unchangeable epistemic principles, standards and methods
(a claim not entirely absent from traditional and even some recent philosophy of science), or the opposed claim that all epistemic standards and
principles were subject to fundamental historical change in such a way
that nothing remained constant and that even the attempt to look for
trans-contextual constants could be nothing more than totally anachronistic (again a claim not unheard of in some recent history of science). It has
never been too difªcult, of course, to make cases for the one claim or the
other, even the papers of this volume could provide select material here.
But exactly studies like those presented here make clear that none of these
general claims leads to an adequate understanding. Instead, a middle, but
even more challenging assumption comes to the fore: the claim that there
are certainly some epistemic principles which can be found throughout the

428

Experiments in History and Philosophy of Science

References

Ampère, André-Marie. 1820a. “Mémoire présenté à l’Académie royale des
Sciences, le 2 octobre 1820, ou se trouve compris le résumé de ce qui
avait été lu à la même Académie les 18 et 25 septembre 1820, sur les
effets des courans électriques.” Annales de Chimie et de Physique, 15
(septembre):59–76.
———. 1820b. “Suite du Mémoire sur l’Action mutuelle entre deux
courans électriques, entre un courant électrique et un aimant ou le
globe terrestre, et entre deux aimants.” Annales de Chimie et de Physique,
15 (octobre):170–218.
Bernard, Claude. 1865. Introduction à l’étude de la médecine expérimentale.
Paris: Baillière.

Downloaded from http://direct.mit.edu/posc/article-pdf/10/4/408/1789175/106361402322288048.pdf by guest on 08 May 2021

history of science, in different periods and subject ªelds, while, at the
same time, the actual process of science is driven not only by those, but
also by much more speciªc and changing notions and principles, dependent upon particular historical, practical and cultural settings. As a corollary of such a claim, it comes out that the actual pathway of science can
never be appropriately grasped by exclusively focussing on the changing
historical settings or on unchanging epistemic principles. Accepting that
uncomfortable situation and ªnding the means to deal with it may well be
regarded as the most intriguing challenge to HPS.
Such an enterprise requires deªnite transgressing of the disciplinary
boundaries between history of science and philosophy of science. An appropriate understanding of practice requires scholars to take seriously into
account the historical, social, and cultural particulars of the case and the
variety and differentiations of the epistemic process itself. I do not claim
that all of history of science or all of philosophy of science should be done
that way. It seems to be obvious, however, that speciªc deªciencies of the
traditional disciplines can be made up for only by cultivating that intermediate area. One of the major problems here is, of course, the sensible
shortage of analytic concepts appropriate to deal with that ªeld. For the
most part, traditional philosophical notions such as explanation, reality,
theory or experiment, have too sterile a shape to grasp the historical varieties, while genuine historical notions are often not suited to deal with the
differentiations of the epistemic process. Those who engage in studies of
the intermediate ªeld thus face a situation analogous to that of scientist
dealing with a wide range of phenomena and experiments while the very
language in which they should be grasped and formulated is in ºux. There
is the need to revise, adjust, and reªne existing concepts, or even to create
new ones, all that in face of immense material to be dealt with: a veritable
exploratory task, and experimental as well.

Perspectives on Science

429

Downloaded from http://direct.mit.edu/posc/article-pdf/10/4/408/1789175/106361402322288048.pdf by guest on 08 May 2021

Blondel, Christine. 1982. A.-M. Ampère et la création de l’électrodynamique
(1820–1827). Paris: Bibliothèque Nationale.
Burian, Richard M. 1997. “Exploratory Experimentation and the Role of
Histochemical Techniques in the Work of Jean Brachet, 1938–1952.”
History and Philosophy of the Life Sciences, 19:27–45.
Carrier, Martin. 1998. “New Experimentalism and the Changing Signiªcance of Experiments: On the Shortcomings of an EquipmentCentered Guide to History.” Pp. 175–191 in Experimental Essays—
Versuche zum Experiment. Edited by M. Heidelberger and F. Steinle.
Baden-Baden: Nomos Verlag.
Cartwright, Nancy. 1983. How the Laws of Physics Lie. Oxford: Clarendon
Press.
———. 1989. “Capacities and Abstractions.” In Scientiªc Explanation.
Edited by P. Kitcher and W. C. Salmon. Minneapolis: University of
Minnesota Press.
Conªgliachi. 1821. “Lettera del Prof. Conªgliachi a C. Ridolª, etc. Lettre
du Prof. Conªgliachi au Marquis Ridolª sur les expériences Voltaïcomagnétique; communiqué au Prof. Pictet (Traduction). Paris, 26
Dec 1820.” Bibliothèque universelle, 16 (janvier):72–74.
Davy, Humphry. 1821. “On the magnetic phenomena produced by Electricity.” Philosophical Transactions, 111 (part I):7–19.
Devons, Samuel. 1978. “The Search for Electromagnetic Induction.” The
Physics Teacher, (December):625–631.
Dufay, Charles François de Cisternai. 1734. “A letter concerning electricity.” Philosophical Transactions, 38:258–266.
Duhem, Pierre. 1906. La Théorie Physique: Son Objet, Sa Structure. Paris.
Faraday, Michael. 1821. “On some new electro-magnetical motions, and
on the theory of magnetism.” Quarterly Journal of Science, 12:74–96.
———. 1832a. “Experimental Researches in Electricity. §1. On the
Induction of Electric Currents. §2. On the Evolution of Electricity
from Magnetism. §3. On a new Electrical Condition of Matter. §4. On
Arago’s Magnetic Phenomena.” Philosophical Transactions, 122:125–
162.
———. 1832b. “Experimental Researches in Electricity. Second Series.
The Bakerian Lecture. §5. Terrestrial Magneto-electric Induction. §6.
Force and Direction of Magneto-electric Induction generally.” Philosophical Transactions, 122:163–194.
Fleck, Ludwik. (1935) 1980. Entstehung und Entwicklung einer
wissenschaftlichen Tatsache. Einführung in die Lehre vom Denkstil und
Denkkollektiv. Frankfurt: Suhrkamp.
———. 1979. Genesis and Development of a Scientiªc Fact. Chicago: University of Chicago Press.

430

Experiments in History and Philosophy of Science

Downloaded from http://direct.mit.edu/posc/article-pdf/10/4/408/1789175/106361402322288048.pdf by guest on 08 May 2021

Gilbert, William. 1600. De Magnete magnetisque corporibus, et de magno
magnete tellure, physiologia nova, plurimis & argumentis & experimentis
demonstrata. London: Petrus Short.
Gooding, David C. 1985a. “Experiment and concept formation in electromagnetic science and technology in England in the 1820s.” History and
Technology, 2:151–176.
———. 1985b. “‘In Nature’s School’: Faraday as an experimentalist.”
Pp. 105–135 in Faraday Rediscovered: Essays on the life and work of Michael Faraday, 1791–1867. Edited by D. C. Gooding and F. A. J. L.
James. London: Macmillan.
———. 1986. “How do scientists reach agreement about novel observations?” Studies in History and Philosophy of Science, 17:205–230.
———. 1990. Experiment and the making of meaning: Human agency in
scientiªc observation and experiment. Dordrecht: Kluwer.
Graßhoff, Gerd et al. 2000. Zur Theorie des Experimentes. Untersuchungen am
Beispiel der Entdeckung des Harnstoffzyklus. Bern.
Hacking, Ian. 1983. Representing and Intervening: Introductory topics in the
philosophy of natural science. Cambridge: Cambridge University Press.
———. 1992. “The Self-Vindication of the Laboratory Science.”
Pp. 29–64 in Science as Practice and Culture. Edited by A. Pickering.
Chicago: University of Chicago Press.
Heidelberger, Michael. 1998. “Die Erweiterung der Wirklichkeit im
Experiment.” Pp. 71–92 in Experimental Essays—Versuche zum Experiment. Edited by M. Heidelberger and F. Steinle. Baden-Baden: Nomos
Verlag.
Heilbron, John L. 1979. Electricity in the seventeenth and eighteenth centuries.
Berkeley: University of California Press.
Hiebert, Erwin. 1995. “Electric discharge in rareªed gases: the dominion
of experiment. Faraday. Plücker. Hittorf.” Pp. 95–134 in No Truth Except in Details. Essays in Honor of Martin Klein. Edited by A. J. Kox and
D. M. Siegel. Dordrecht: Kluwer.
Hofmann, James Robert. 1995. André-Marie Ampère: Enlightenment and
Electrodynamics. Oxford: Blackwell.
Holmes, Frederick Larry. 1993. Hans Krebs: Architect of Intermediary Metabolism, 1933–1937. Oxford: Oxford University Press.
Jacob, François. 1998. Of ºies, mice and men. Cambridge: Harvard University Press.
James, Frank A. J. L., ed. 1991a. The Correspondence of Michael Faraday,
Volume 1, 1811—December 1831, Letters 1–524. London: Institution of
Electrical Engineers.
———. 1991b. “Michael Faraday’s Work on Optical Glass.” Physics Education, 26:296–300.

Perspectives on Science

431

Downloaded from http://direct.mit.edu/posc/article-pdf/10/4/408/1789175/106361402322288048.pdf by guest on 08 May 2021

Klein, Ursula. 1994. “Origin of the Concept of Chemical Compound.”
Science in Context, 7 (2):163–204.
———. 1996. “The Chemical Workshop Tradition and the Experimental
Practice—Discontinuities within Continuities.” Science in Context, 9
(3):251–287.
———. 1998. “Paving a Way Through the Jungle of Organic Chemistry—Experimenting Within Changing Systems of Order.”
Pp. 251–271 in Experimental Essays—Versuche zum Experiment. Edited by
M. Heidelberger and F. Steinle. Baden-Baden: Nomos Verlag.
Martin, Thomas, ed. 1932–6. Faraday’s Diary. Being the various philosophical notes of experimental investigation made by Michael Faraday, DCL, FRS,
during the years 1820–1862 and bequeathed by him to the Royal Institution
of Great Britain. London: G.Bell & Sons.
Mill, John Stuart. 1843. A System of Logic Ratiocinative and Inductive. Being
a Connected View of the Principles of Evidence and the Methods of Scientiªc Investigation.
Nagel, Ernest. 1961. The structure of science: problems in the logic of scientiªc
explanation. London: Routledge & Kegan Paul.
Ørsted, Hans Christian. 1820. “New Electromagnetic Experiments.”
Annals of Philosophy, 16:375–377.
Pictet, Marc-Auguste. 1820. “Addition des Rédacteurs (à: Experimenta
circa effectum, etc. Experiences sur l’effet du conºict électrique sur
l’aiguille aimantée, par Mr. J.Chr. Øersted, Prof. de physique dans
l’université de Copenhague. [Traduction]).” Bibliothèque universelle 14
(août):281–284.
Polanyi, Michael. (1958) 1994. Personal knowledge: towards a post-critical
philosophy. Chicago: University of Chicago Press.
Popper, Karl Raimund. 1934. Logik der Forschung. Wien: Julius Springer.
———. 1959. The Logic of Scientiªc Discovery. London: Hutchinson.
Rheinberger, Hans-Jörg. 1992. Experiment, Differenz, Schrift: Zur Geschichte
epistemischer Dinge. Marburg/Lahn: Basiliskenpresse.
———. 1997. Towards a History of Epistemic Things: Synthesizing Proteins in
the Test Tube. Stanford: Stanford University Press.
Romo, J. and Doncel, Manuel. G. 1994. “Faraday’s Initial Mistake Concerning the Direction of Induced Currents, and the Manuscript of Series I of his Researches.” Archive for History of Exact Sciences. 47:291–
385.
Ross, Sydney. 1965. “The Search for Electromagnetic Induction
1820–1831.” Notes and Records of the Royal Society of London, 20:184–
219.
Schweigger, Johann Salomo Christoph. 1821. “Zusätze zu Øersteds
elektromagnetischen Versuchen, vorgelesen in der naturforschenden

432

Experiments in History and Philosophy of Science

Downloaded from http://direct.mit.edu/posc/article-pdf/10/4/408/1789175/106361402322288048.pdf by guest on 08 May 2021

Gesellschaft zu Halle den 16. September 1820.” Journal für Chemie und
Physik (Schweigger), 31 (1. Heft [Januar]):1–17.
Seebeck, Thomas Johann. 1821. “Ueber Elektromagnetismus: Auszug
aus einer Abhandlung, welche in der Sitzung der Königlichen
Akademie der Wissenschaften zu Berlin vom 14. Dezember 1820
vorgetragen wurde.” Journal für Chemie und Physik (Schweigger), 32
(Mai):27–38.
Steinle, Friedrich. 1994. “Experiment, Speculation and Law: Faraday’s
analysis of Arago’s wheel.” Pp. 293–303 in PSA 1994. Proceedings of the
1994 Biennial Meeting of the Philosophy of Science Association, vol. 1.
Edited by D. Hull, M. Forbes and R. M. Burian. East Lansing: Philosophy of Science Association.
———. 1995. “Looking for a ‘simple case’: Faraday and electromagnetic
rotation.” History of Science, 33:179–202.
———. 1996. “Work, Finish, Publish? The formation of the second
series of Faraday’s ‘Experimental Researches in Electricity.’” Physis,
33:141–220.
———. 1997. “Entering New Fields: Exploratory Uses of Experimentation.” Philosophy of Science, 64 (Supplement):S65-S74.
———. 2000. “‘ . . . et voilà une nouvelle théorie d’aimant’: Ampères
Weg zur Elektrodynamik.” Pp. 250–281 in Mathesis: Festschrift zum
siebzigsten Geburtstag von Matthias Schramm. Edited by R. Thiele. Berlin:
GNT-Verlag.
———. (forthcoming). Explorative Experimente. Ampère, Faraday und die
Ursprünge der Elektrodynamik. Stuttgart: Franz Steiner Verlag.
Trumpler, Maria. 1997. “Veriªcation and Variation: Patterns of Experimentation in Investigations of Galvanism in Germany, 1790–1800.”
Philosophy of Science, 64 (Supplement):S75-S84.
———. 1999. “From tabletops to triangles: increasing abstraction in the
depiction of experiments in animal electricity from Galvani to Ritter.”
Pp. 115–145 in Luigi Galvani: International workshop—proceedings.
Edited by M. Bresadola and G. Pancaldi. Bologna: CIS: Dipartimento
di Filosoªa, Università de Bologna.
van Fraassen, Bas C. 1981. “Theory construction and experiment: An
empiricist view.” Pp. 663–677 in PSA 1980: Proceedings of the Biennial
Meeting of the Philosophy of Science Association, vol. 2. East Lansing: Philosophy of Science Association.
Williams, Leslie Pearce. 1983. “What were Ampère’s earliest discoveries
in electrodynamics?” Isis, 74:492–508.

