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For Thomas



“Hephaestus, the God of Fire, has become the supreme master of the world.
His furnaces are roaring. He has dispelled the clouds of Asiatic mysticism
which obscured his native mountain. He has girdled the world with hoops of
steel. In plain unmetaphorical language this is the age of science, of machin-
ery… Every weapon, every machine is the embodiment of human thought
and purpose. The user adopts that thought and purpose, and behold – the
machine has found its soul.”

E.E. Fournier D’Albe, Hephaestus or The Soul of the Machine (London:
Keegan-Paul, 1926), p. 1
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1
Entering the Cave of the Shadow
Puppeteers

The purpose of this book is to show how physics has been presented as
a “natural science” and an “empirical science” on the basis of a hidden
operational metaphysics. This metaphysics has allowed the traditional
realist and positivistic philosophies of science to completely neglect
the role of technology in the development of theories and observations
within physics. Scientific instruments, such as telescopes and micro-
scopes, are assumed to simply increase our perceptual possibilities and
see what is “out there”. The use of detectors, such as X-ray scanners,
electron microscopes, and the Geiger counter has supposedly allowed
us to understand phenomena in the visible world in terms of otherwise
invisible entities. According to the traditional view, the practical value
of such instruments clearly “proves” that science has made consider-
able advances, progressed, and technology has no further relevance to
the philosophy of science. However, as I shall argue in this book, tech-
nological innovation has not only made new observations and experi-
ments possible but it has also transformed our experience and
conception of reality. Using a microscope or a Geiger counter does not
merely involve seeing or detecting what is there. One must interpret
the behaviour of the instrument in terms of an understanding of how
it works. Making an observation using novel instruments is bound up
with making novel techniques of representing what one sees and how
the instrument works. These techniques are ordered into procedures
and operations within a technological framework that orders how 
we use and understand the instrument. Furthermore, these instru-
ments did not fall from the sky ready-made with an instruction book.
They were innovated as a result of complex labour processes and pro-
tracted efforts against a historical background of expectations, chal-
lenges, demands, and the results of previous research. Technological
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innovation makes new research, observations, and representations pos-
sible; it also brings with it new challenges to achieve the anticipated
possibilities of future innovation and investigation. It transforms the
trajectories and content of research within physics. New machines
produce new phenomena, data, and change how humans understand
the world. The history of modern experimental physics is just as 
much a history of the innovation of new machines, instruments, and
techniques, as it is a history of ideas, theories, and discoveries. New
technologies create observational possibilities and conceptions of the
criteria for the possibility of possessing knowledge of natural laws and
mechanisms.

In this book, I shall describe and analyse how practices and experi-
ences are emergent, related, and unified within a technological frame-
work, by examining the ways that the interactions between beings in
the world have been understood and communicated within experi-
mental physics in technological terms. Experiences and practices must
be made public in the form of explanatory representations if they are
to be successfully communicated and reproduced. Public representa-
tions can take many forms, such as textual or verbal accounts, draw-
ings or diagrams, apparatus or instruments, photographs, simulations,
and models, and do not only take the form of mathematical theories.
Profound changes in our ability to represent and explain experiences
and practices involves the development of new conceptions of what it
is possible to cognate, represent, manipulate, and control. The way
that physicists describe and explain the performances of the experi-
mental apparatus in terms of invisible structures and interactions, such
as atoms, waves, particles, forces, fields, laws, coupling constants, or
whatever, does not passively arise from the physicists’ experience of
the flashing lights, graphical outputs, and changing read-outs of detec-
tors, instruments, and machinery. These descriptions and explanations
require fundamental conceptions of what the responses of the appara-
tus mean in order for them to be unified into an experience of the
effects of invisible entities, laws, and mechanisms. This is not only
peculiar to subatomic or quantum physics. We all have experiences of
objects falling to the ground when dropped and staying on the ground
when left there, but there is nothing passively immediate in these
experiences that allows us to unify these experiences as the conse-
quences of mass, inertia, and gravitation, let alone being able to equate
and unify these experiences with the movement of the moon and sun
across the sky, or the shape and metric of a space-time continuum! We
also would not be able to understand and have experiences of the
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effects of electricity and magnetism in terms of electromagnetic fields,
charges, currents, and voltages, without fundamental conceptions by
which we could equate and unify our experiences of the behaviour of
otherwise distinct entities within the world. There is nothing innate in
our ability to conceptualise lightning as an electrical phenomenon
akin to the behaviour of an electrical spark between two charged
plates. New experiences and discoveries in science require new concep-
tions. In order to understand how discovery is possible and made in
experiments, we need to understand how these conceptions are made
possible. Understanding how physicists use technological objects to
innovate and understand the representational aspect of “empirical”
description of novel phenomena, through interventions, visualiza-
tions, and models, reveals the complexity of the relationship between
experiences and practices in experimental physics. Observation is an
activity within a framework of interventions, interpretations, expecta-
tions, possibilities, and purposes. The artifice in designing, building,
using, and interpreting novel technological instruments to make inter-
ventions is a particularly important feature of the novel dimension 
of scientific discovery. In order to explicate how experimental physics
has been metaphysically conceived as a natural and empirical science, 
I shall describe how the technological objects within experiments 
can acquire an agency of their own and, as the means to innovate 
and disseminate new experiences, techniques, and instruments, be-
come autonomous. I shall show how techniques and instruments are
metaphysically understood and represented as a neutral means to ex-
perience and explain the facts of objective reality, and how the
phenomenological experience of their autonomy is possible.

The cave of the shadow puppeteers

In the seventh book of Plato’s The Republic, Socrates presented the
famous cave analogy. In this analogy we are asked to imagine people
living since childhood in a cave deep underground. Their necks and
legs are tied to fix them in place and prevent them from turning
around. A fire burning far above and behind them provides light and
they can only see the cave wall directly in front of them. Between the
fire and the prisoners is a walled path along which puppeteers carry
puppets of people and other animals made out of stone, wood, and
every material. Some of these puppeteers are talking, whilst others are
silent. The tethered people are only able to see the shadows of the
puppets projected by the light of the fire. The echoes of the voices of

Entering the Cave of the Shadow Puppeteers 3



the unseen puppeteers bounce off the cave wall and seem to come
from shadows themselves. If the prisoners could speak then they
would think that the names they used applied to the shadows passing
in front of them and that the shadows were truth and reality. Perhaps
they would grant honours and praise to those who were sharpest at
identifying the shadows as they passed by and were best at remember-
ing the order of the procession. Perhaps they would consider those
who devised some method for predicting the sequence of the shadows
as being their wisest and most knowledgeable.

Socrates asked us to consider what would happen if one of these
people were to be freed of his bonds and cured of his ignorance.
Imagine that this prisoner was compelled to stand and turn his head,
walk, and look up towards the light of the fire. Imagine him dazzled
and pained by the light, unable to see the puppets whose shadows he
had seen before, unable to make sense out of the voices that surround
him. If he were told that his previous reality was comprised of only
shadows and echoes and that he was now turned towards and closer to
truth and reality, what do you think that his response would be? If he
were shown each puppet in turn and ordered to tell us what it is, this
poor man would no doubt be at a complete loss and would more than
likely cling to his familiar, previous truth and reality. If he were forced
to look at the bright and burning light of the fire then no doubt his
immediate inclination would be to flee back into the comfort of the
gloom and shadows. Imagine that he was prevented from doing this
and dragged, kicking and screaming, up the rough steep path, past the
puppeteers, past the burning fire, and out of the cave. Imagine that he
was dragged up to the surface by force and hurled into the sunlight.
Imagine him blinded by the light of the sun, unable to see a single
thing that is now said to be true and real. He is stood, with his hands
shielding his eyes, squinting at the painful and bright light that fills his
vision. Of course, some considerable time would be needed before he
could see the world outside the cave. At first he would only be able to
see most clearly at night. He would be able to see the moon and the
stars, as well as the shadows and silhouettes of things in the moon-
light. During the next day he would be able to see shadows cast by the
sunlight, then reflections cast into water, and only later would he be
able to make out things directly. Finally he would be able to see the
sun itself and study it. This man might readily infer, as Socrates sug-
gested he might, that the sun governs everything in the visible world
and is the cause of all the things that he has seen. Socrates then
considered what the man would think if he remembered the cave, the
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prisoners, and the nature of truth and reality there. Would not the
man think himself wiser now and pity the prisoners below? Would he
not think himself in a happier condition than even the most honoured
and praised of the prisoners? Would he not rather suffer anything than
return to the cave, share their opinions, and live like that again?
Socrates asked us to imagine what would happen if the man decided to
return and help his former fellow prisoners. Imagine him returning
into the darkness. His vision would now be dim in comparison with
the prisoners. Would they not claim that his journey up to the surface
had ruined his eyesight? Would they not ridicule him and the very
idea that it was good to even try to travel to the surface? If he tried to
free them then would they not resist or even try to kill him?

Socrates used the cave analogy to elucidate the relationship between
the visible and the intelligible realms. The visible realm was to be
likened to the cave. The journey to the surface was akin to the soul’s
journey to the intelligible realm and the study of the sun was likened
to the difficulty in coming to see and know the form of the good and
rational life. Such knowledge could only be achieved with considerable
difficulty. For Socrates, it was quite unsurprising that those who have
grasped the form of the good and rational life should have great
difficulty and be open to ridicule when they are compelled to contend
in the courts about justice and laws with those who have never seen
justice itself. How could we expect any society to be just when its rulers
do not understand or care what justice is? In discussing the education
of the ideal city’s rulers, the philosopher-kings or guardians, Socrates
proposed that number, calculation, and geometry (used within every
craft and science, including physical training, poetry, music, and
astronomy) are the subjects that have the greatest power to awaken
intelligence in children and are also useful for the art of war (enabling
the rulers to be adept at commanding the city’s defence). For Socrates,
the study of the science of mathematics was a good for its own sake, as
well as turning the soul’s intellect to the study of the form of truth,
and it sharpened the intellect to grasp the forms of justice, beauty, and
goodness through the dialectics of reasoning and argument, which was
necessary for the purpose of understanding the good and rational life.
Education should not be considered to be merely a process of instruc-
tion, putting knowledge into souls that lack it, like putting sight into
blind eyes, but instead should be considered to be the process of
turning the whole soul to see what is already within it. It should be the
craft of redirecting the sight of the soul to bring out the knowledge of
the good and rational life that is already there. Socrates termed the
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educational process, which brought people from the shadows into the
light, to be the ascent to true philosophy.

What has this to do with modern science? For the traditional philo-
sophers of science, such as Bertrand Russell, Alfred North Whitehead,
Rudolf Carnap, and Karl Popper, the theories of a modern science such
as physics are straightforwardly representations of “the Laws of Nature”
and experiments provide “empirical data” to verify or falsify those the-
ories.1 The objects of thought for these philosophers of science are the
images, models, diagrams, theories, propositions, and hypothesis pro-
duced by working experimenters. These philosophers ignore the tech-
nological processes involved in the production of theses objects and
presume that the results of experimentation, reported as “empirical
regularities”, “observations”, or “data”, are simply “the facts” against
which the empirical adequacy of theories are to be tested. They
presume that the abstractions, techniques, and material practices used
in real experimental work are quite simply the neutral and transparent
technological means to make observations and disclose “the facts”. 
For these philosophers, science is primarily theoretical, whilst experi-
mentation is merely a neutral technology to empirically determine
which theory “fits the facts” better than the others. They all agree that
physics successfully achieves progress in empirical accuracy and predic-
tive power. They all agree that the representations provided by physics
are “closer to the truth” or “more logically consistent” about Nature
than previous representations, that science has lead to a growth in
knowledge. Disagreements between these philosophers are concerned
with the character of the scientific method by which representations
are to be rationally ordered and justified by the empirical data. Some
declare themselves to be positivists and tend to focus the debate upon
which series of logical operations best characterise the general (and
universal) principles of a scientific method. Others declare themselves
to be realists and tend to reiterate the centrality of causal accounts and
explanations to the intelligibility of the scientific enterprise. For the
positivist, the scientific method is primarily a logical process of justifi-
cation of the choice between theories on the basis of the facts,
whereas, for the scientific realist, it is primarily a logical process of dis-
covery and the role of theory is to explain the facts. Both kinds of
philosopher agree upon what the facts are and leave it to scientists to
provide them, whilst they focus their debate upon the nature of
scientific theory and methodology. These philosophers maintain a
clear and absolute distinction between theories and experiment, keep
their backs turned towards the experimenters, and ignore how repre-
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sentations are actually produced and used in experimentation. They
are akin to the prisoners in the cave analogy, sat with their backs to the
shadow puppeteers, waiting for new shadows to be projected upon the
cave wall, whilst the unseen puppeteers work with all kinds of materi-
als to provide representations and facts for the philosophers’ scrutiny.
The philosophers argue and debate, using all the rhetorical and analyt-
ical skills their discipline provides, about which epistemology provides
the best means to decide between theories on the basis of the represen-
tations and facts provided by the experimenters. They argue and dis-
agree about whether any knowledge of a causal reality behind the
representations is possible, whilst they agree upon the progress that
theories have in matching predictions with the representations.

Since Michel Foucault and Thomas Kuhn published The Order of
Things (1961) and The Structure of Scientific Revolutions (1962), respect-
ively, the central role of dominant social consensus, authority, and
power in the definition, content, ordering, and dissemination of
scientific knowledge and the representation of reality has been dis-
cussed and analysed at great length.2 Science has been studied as a
culturally situated phenomenon in which the character of society
transforms the nature of the scientific method, knowledge, and the rep-
resentation of reality.3 These critics of the traditional philosophy of
science have tended to be extremely critical of attempts to demarcate
science as a special rational activity. They have tended to argue that
scientific work forms disparate, heterogeneous, fragmentary cultures of
loosely associated sources of authority, technologies, research pro-
grammes, and personalities. They have attempted to place the fragmen-
tary constellation of “sciences” into historical and social contexts in
order to show that scientific knowledge, observations, practices, and
values are completely contingent constructions and instruments of
authority and power. It is the notion of the historical emergence of
science from within the political and social contexts of Western civil-
ization that has opened the very notion of “scientific rationality” to
criticism.4 In the light of this historicism, these writers tend to be criti-
cal of the traditional distinctions between nature/human, natural
/social, fact/fiction, and truth/power. Science is often examined nega-
tively in the light of its role in the social construction of modern
human existence and knowledge. As part of the process of under-
mining the traditional view of science, critics attack the foundations
upon which “science” has gained authority and power, and, as a con-
sequence, they tend to be concerned with scientific organization,
legitimization, authority, and justification, rather than theories, facts,

Entering the Cave of the Shadow Puppeteers 7



discovery, and truth. This tends to run contrary to the epistemological
individualism dominant in the traditional philosophy of science,
because these critics emphasise the social and historical processes
involved in the public development and acceptance of new theories.
Rather than arriving at a new scientific theory in an intuitive flash of
individual genius, as many of the traditional philosophers presume, the
situation is more of a complex social struggle taking years, decades, or
even centuries. Furthermore, scientists are involved in an industry of
economic exchanges within the society in which science is emergent,
producing values and powers for the wider world of commercial, mili-
tary, and political ambitions. Whilst scientists may well maintain that
they make and use their experiments and theories purely for the
purpose of representing reality, in the wider world they are used as
weapons, tools, products, and displays of national or civic prowess.
Scientists receive materials and other resources for the production of
machine prototypes. This consideration raises the centrality of social
and cultural values to conceptions of “rationality” and “progress” in
the acceptance and justification of scientific work. Traditional philo-
sophers of science tend to consider values to be subjective or psycho-
logical and, therefore, can only be objects for rational judgements
rather than constituents. They maintain a clear distinction between the
“pure” science within scientific research and the “applied” science in
the wider world. How the people in wider society use the products 
of scientific work is not the responsibility of scientists, claim these
philosophers, because science is evidently value-free. The critics of the
traditional philosophers have taken considerable pains to show
example after example where this is evidently not the case, and criti-
cally examined the social function of scientific research within the
political and economic structures of the wider society. They have also
taken considerable pains to demonstrate how the very character of
science is transformed by the demands of the wider world in which
science is emergent and integrated. The critics of the traditional
philosophers of science have examined that way that the rules by
which the representations, the shadows on the cave wall, have been
ordered, related, and analysed has changed from era to era. These critics
have also sat in the entrance of the cave and watched how the philoso-
phers’ debate and interpretation of the shadows has reflected the preju-
dices of those philosophers as members of a wider society outside the
cave. They have also watched how the choice of puppets used by the
puppeteers and the order of their procession also reflects and reinforces
the prejudices, fears, and desires of the society outside the cave.
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The traditional philosophers of science have been heavily criticised
for their neglect of experimentation.5 There have been many studies of
experimentation made within the last twenty years to highlight and
counter this neglect. Writers from diverse academic disciplines have
paid very close attention to how working scientists actually perform
experiments, publish their findings, deal with controversy and criti-
cism, and weave their work back into the wider culture from which it is
emergent. It takes considerable effort and time to translate the experi-
ences acquired within the local context of the experimenters’ work
into context-independent facts, general theories, hypotheses, or uni-
versal laws. There has been considerable focus upon the way that scien-
tists negotiate the dissemination of their work from the local context
of the laboratory to the wider public domain of shared representations,
results, and facts.6 Scientists have been studied at work and how they
have chosen their materials, built, organised, and operated experi-
ments, and produced representations, facts, and knowledge has been
analysed at length. By paying close attention to the ways that social
and material practices are innovated and ordered within the real-time
processes of scientific work, the interaction between investigative,
observational, and communicative techniques with the content of
what is experienced or disclosed has been analysed in detail. The
tactics that scientists use to reproduce findings and deal with the obsta-
cles to communicating the techniques and knowledge needed to repli-
cate new results have been examined at length. By examining the
institutionalization of procedures for the evaluation and dissemination
of expertise and knowledge, the social importance of material practices
to the construction and communication of facts, concepts, techniques,
has become central to the way that real experiments are understood
within contemporary science studies. These studies bring the social
and historical conditions of both scientific discourse and technological
practices into question. 

The purpose of this book is to reflect upon how the world is investi-
gated, represented, and experienced by working physicists, whilst ques-
tioning how scientific knowledge of natural processes is possible on the
basis of the use of artificial experimental apparatus, procedures, and
techniques. The philosophical arguments presented in this book are
premised on the supposition that we need to understand how the epis-
temology and ontology of modern physics have been historically
related in the context of ongoing material practices. How does experi-
mental physics achieve knowledge about the world? Or, to be more
precise, what kind of knowledge, if any, do physicists achieve? And, if
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physicists achieve knowledge, which parts of the world do they achieve
knowledge about? If experimental physics is an artificial process, 
an art, and the objects of scientific thought are artifacts, then what do
we mean by artifice? How does theory relate to technology? How 
does technology relate to Nature? Physicists claim that they use
technology for a very specific purpose of building and using machines
to discover “the truth” about “the fundamental principles of the
Universe” by working out how these machines work in terms of funda-
mental “natural mechanisms”. Furthermore, they claim to be able to
use their understanding of “natural mechanisms” to innovate new
machines and, by doing so, increase their understanding of how invisi-
ble “natural laws” work. As well as building and using machines to
acquire money, fame, glory, and for its own sake, as a pleasure, physi-
cists also pursue their technical art to learn truths and satisfy their
curiosity about change and permanence in the natural world. It is the
use of machines to discover “natural mechanisms” and “the truth”
that is the subject of this book. Do we understand machines? To what
extent is the machine autonomous or controlled? To what extent is the
machine operational in the realm of science and the way that we
understand the world? Given that scientists turn to machines as an
arbiter of fact, as non-human neutral instruments of measurement,
then the machine is a co-participator in the construction of the judge-
ment of what constitutes knowledge. How is this done? To what extent
do machines create the facts of measurement and the reality that they
disclose?

In order to answer these questions, I shall examine how experi-
menters experience and describe the things that they use to investigate
the natural world. By examining how physicists experience the objects
of scientific research, we can examine how they experience the way
that these objects are presented as a mode of disclosure of a postulated
invisible world of underlying reality. This involves examining the tacit
presuppositions that are required to make those experiences and prac-
tices possible. Unmasking the presuppositions that are implicit in the
history and trajectory of the theoretical and experimental practices of
working physicists shows that there is frequently a gap between the
practitioners’ interpretation of their own practices and how those prac-
tices appear to one who does not share those presuppositions. Working
practitioners unreflectively utilise tacit knowledge in their inter-
pretations and actions. As Michael Polanyi pointed out, tacit knowl-
edge is non-verbal and implicit to practices and is consequently not
open to criticism by the practitioners because they are unaware of it.7
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The reality that physicists claim to discover is a product of modes of
agency that cannot be separated from the social and historical contexts
of material practices and interpretations from which they sprang. It is
the historical and cultural conditioning of the activities and practices
of the experimenter, embodied through training, that readily permit a
naturalization of the use and interpretation of instruments in the labo-
ratory. It should come as little surprise that physicists are realists in the
laboratory. As Robert Crease argued, when experiments are inherently
a series of performances, interpretations are central to the act of pro-
ducing measurements and observations from material events, whether
or not scientists are aware of them.8 These interpretations are only pos-
sible because science has a historically and culturally situated meaning
which allows the judgements made by working experimenters in the
real-time processes of laboratory experiments to provide meaning to
their experiences and practices.

How are science and technology related?

It is often supposed by the traditional philosophers of science that
theory precedes and anticipates experiment in the form of hypotheses,
conjectures, or predictions. Experiments are simply designed to test
them. They presuppose that science provides us with a rational under-
standing of Nature and modern technologies embody that understand-
ing as “applied science”. This “received wisdom” is that technology is
the logical consequence of the application of scientific knowledge and
rational thought to human problems in the material world. Techno-
logy is supposedly only a means to satisfy human purposes and has no
role in shaping scientific knowledge, the conception of rationality, or
human intentionality. This view presupposes that rational thought and
logic transcend the material world and that the primary relationships
between the human mind and the world are those of cognition,
manipulation, and control. It presumes that technology enhances and
extends the powers of the human mind and senses without changing
or directing either. The construction of theories is a purely intellectual
affair for which the technology of experimentation does not have any
constitutive scientific role. The experimental apparatus and methodol-
ogy are supposed to be ontologically and epistemologically neutral.
Technology is ignored as largely irrelevant for the epistemology of
science, as something that, at most, is a matter for applied ethics. In
the traditional view of the “scientific revolution” of the sixteenth and
seventeenth centuries the rise of modern technology is taken to be
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derivative from the mathematical sciences and modern technology is
taken to be “applied science”.9 However, the proponents of this view
have not provided us with a satisfactory account of how this “ap-
plication” occurred. It was for this reason that Alfred North Whitehead
considered the way that highly abstract mathematically formulated
theories have been “effectively applied to practical affairs” to be the
“paradox” of modern science.10 How did the mathematical sciences
lead to modern technology? How were mathematical and techno-
logical practices conceptually connected and justified? Ernst Nagel
argued that the relations between modern science and technology are
not as obvious and clear as the traditional philosophy of science 
has assumed.11 He maintained the traditional view that modern tech-
nology is applied science but was aware that the character of “applica-
tion” is an ambiguous one. 

Traditional academic philosophy has been heavily criticised for its
neglect of the centrality of technology to the human condition and
the production of knowledge.12 In contemporary philosophical studies
of science and technology, considerable attention has been paid to the
centrality of technology to human existence and knowledge to the
extent that an “alternative tradition” has become fashionable. On this
view, the experimental “natural” sciences, such as physics, chemistry,
and genetics, are seen as forms of “applied technology”.13 Many histo-
rians of science and technology have also argued that technology pre-
ceded and led the sixteenth century “scientific revolution” and that
modern science is “applied technology” to a lesser or greater degree.14

It has become widely accepted that modern science is technoscience that
can only be understood in relation to its uses within the culture in
which it is emergent.15 However, the characterization of a “natural
science”, such as physics, as “applied technology” only reverses the
problem of how the “application” occurred. How was technology
“applied” in such a way as to become the “natural science” of physics?
In order to understand experimental physics as “applied technology”
we need to address how mathematics, machines, and natural phenom-
ena were related. What understanding of technology do we need in
order to understand the technological basis of the experimental natural
sciences? It is my view that we need to analyse physics at a “deeper”
level than merely pointing out that the use of mathematics and tech-
nology has been central to the experimental natural sciences since
their origin in the sixteenth century. In order to understand the con-
ceptual possibility of experimental physics, we need to historically
trace back its origin that permitted its current manifestation as a
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modern technoscience. What presuppositions about both natural phe-
nomena and technology permitted the use of technologies to under-
stand natural phenomena? This is a question of the metaphysics that
underlies the whole legitimacy of the technological disclosure of
natural mechanisms. My argument in this book is that the metaphysics
of mechanical realism provided the operational precepts of experimen-
tal physics and made the epistemological use of technology to disclose
natural mechanisms and laws conceptually possible. How was this
metaphysics possible? When did it occur? My position is that this
metaphysics occurred during the fifteenth and sixteenth centuries 
and, in fact, made the “scientific revolution”, experimental physics,
and modern technology conceptually possible. As I shall argue in
chapter three, the precepts of mechanical realism allowed the math-
ematical description of the motions of the six simple machines (the
wedge, the lever, the balance, the inclined plane, the screw, and the
wheel) to be taken as descriptions of the fundamental natural motions.
We need to understand how the reification of mathematics, as some-
thing objectively, eternally, and universally true, in the context of the
Renaissance developments of the Medieval science of mechanics,
allowed experimental physics to be metaphysically operational as a
technological mode of disclosure of natural mechanisms, and for tech-
nology to be a consequence of the utilization of natural mechanisms in
material practices. This provided the sixteenth and seventeenth cen-
turies with both a methodological and an ontological foundation for
the mechanical and experimental natural philosophies of Galileo,
Descartes, Bacon, Gassendi, Newton, Boyle, Hobbes, et al. In chapters
four and five, I shall describe how this methodological and ontological
foundation was central to the methodology, intelligibility, and sub-
sequent researches of experimental physicists.

Martin Heidegger and Jacque Ellul offered insights into the nature of
modern technology and its relation to human existence.16 Both were
concerned with the question of how we can attain a free relation 
with modern technology. Ellul questioned the meaning of the dom-
inance of technique for the human present and future, and Heidegger
was concerned with preparing a way in which we could question 
the essence of technology and develop a free relationship with it. The
Technological Society is a narration of the tragedy of a civilization
increasingly dominated by technique, and The Question Concerning
Technology was an attempt to reveal the essence of technology and
relate it to truth. Ellul placed an emphasis upon the erosion of moral
values brought about by technicism, an examination of the role of
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technique in modern society, and a historical disclosure of the forces
that have shaped the development of technical civilization. For both
Heidegger and Ellul, Western civilization is a progressively technical
one committed to the quest for continually improved means to care-
lessly examined ends. What was once prized as a good in itself, for its
own sake, is transformed into something that is only of instrumental
value, for the achievement of something else. Whilst technology trans-
forms ends into means, human beings are compelled to adapt to a
technical substratum of human existence that has become so over-
whelmingly immense that we are unable to cope with it as a means
and, consequently, treat it as an end. Heidegger examined how the
instrumentalist and anthropological definitions of modern technology,
whilst being correct, have made us blind to the essence of technology.
The anthropological definition is that technology is a human activity
and the instrumentalist definition is that technology is a means to an
end. For Heidegger, the essence of technology was not to be considered
as something technological and he considered the claim that techno-
logy is “something neutral” to be the worst misconception of techno-
logy possible because it immediately delivers us over to an unthinking
relation with it. He agreed that technology is a human activity in the
sense of positing ends and procuring the means to them, and accepted
that it is also an instrument in the sense that the manufacture and util-
ization of equipment, tools, and machines, as well as the needs and
ends that they satisfy, all belong to what it is. However, if we are to
understand the essence of technology, we need to ask: What is the
instrument itself? Within what do means and ends belong?

For Heidegger, modern technology was a mode of disclosure in
which beings are set in place, ordered, in such a way as to “put to
nature the unreasonable demand that it supply energy that can be
extracted or stored as such.”17 To use his examples, modern technology
challenges a tract of land to yield coal and ore. The earth is disclosed as
a coal-mining district and the soil as a mineral deposit. Air is set upon
to yield nitrogen for the mechanised agricultural industry and the
earth is set upon to yield uranium for the atomic weapons and power
industries.18 Modern technology sets upon and challenges Nature to
disclose itself, unlock and expose itself, as energy or resources for
future use. It is:

“always itself directed from the beginning toward furthering some-
thing else, i.e. toward driving on to the maximum yield at the
minimum expense. The coal that has been hauled out in some

14 On the Metaphysics of Experimental Physics



mining district has not been supplied in order that it may simply be
present somewhere or other. It is stockpiled; that is on call, ready to
deliver the sun’s warmth that is stored in it. The sun’s warmth is
challenged forth as heat, which in turn is ordered to deliver steam
whose pressure turns the wheels that keep a factory running.”19

It is this availability for use in the future (without any consideration
of the particularity of that future use) that Heidegger termed as
standing-reserve.20 He used this term to characterise the way in which
everything is commanded into place and ordered according to its utility
for the challenging essence of modern technology as it comes into pres-
ence as a mode of disclosure. Objects lose their character as objects
when they are disclosed as standing-reserve. It was for this reason that
he considered the instrumental definition as something that was both
correct and concealed the truth. Modern technology can only disclose
Nature as standing-reserve because it challenges human beings to
exploit Nature in this way. This challenging is an imperative in which
the participation of human beings in the ordering disclosure is essential
if it is to happen at all. By responding to the challenging, human beings
are set-upon, gathered together, and ordered into modes of disclosure,
and it is the way of disclosure that discloses objects as the objectlessness
of standing-reserve.21 Destining (Geschick) sets human beings on a way
of disclosure of the real as standing-reserve and Ge-stell simultaneously
sends and gathers human beings upon this way of disclosure. Heidegger
rejected the idea that this involves “a fate that compels… where ‘fate’
means the inevitability of an unalterable course” and human beings do
not control what is disclosed by this ordering.22 Heidegger termed this
way of disclosure as Ge-stell, which when translated as “Enframing”
retains the connotations of “frame” and “skeleton”. Ge-stell is not some-
thing technological (in the same way that pistons, rods, and chassis are
technological) and the assembling of the technological, the ordering of
the stockpile of components falls within technological activity.
Technological activity is merely a response to the imperative, the des-
tining of Ge-stell, and it neither comprises Ge-stell nor brings it about.
Under the sway of Ge-stell everything is transformed into standing-
reserve for future use. For Heidegger, it was precisely this monolithic
character of Ge-stell that “threatens to sweep man away into ordering as
the supposed single way of revealing, and so thrust man into the danger
of the surrender of his free essence.”23 Thus, for Heidegger, the anthro-
pological and instrumental definitions are correct but conceal the
essence of modern technology.
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Like Heidegger, Ellul considered technique to have its own reality, sub-
stance, and particular mode of being. Modern technology, or the techni-
cal phenomenon, was ontologically identical with the technical society.
He characterised the technical phenomenon as a perpetual state of social
inequilibrium and defined “technique” as “the totality of methods ra-
tionally arrived at and having absolute efficiency (for a given stage of
development) in every field of human activity” and proposed that it
should be studied as a sociological phenomenon.24 “Technique” referred
to any complex of standardised means (or ensembles of means) for
attaining any deliberate, stable, and rationalised productive behaviour or
intentions to achieve predetermined results. For Ellul, technique was
objective in the sense that “it is transmitted like a physical thing”
through the organization of productive performances.25 Technique is the
organised ensemble of practices that are used to secure any end whatso-
ever, and it can in principle only provide technical and quantitative solu-
tions to technical problems. He rejected any metaphysical notion of
“technological determinism” in his characterization of technique
because things could always differ from the contingent actuality of the
present. If technique is a “blind force” it is so because human beings
have closed their eyes to the alternatives. Technique has the character of
an imperative that only achieves its power because human beings
respond to its demand. It is this conception of technique, in terms of a
unitary imperative to order the world, which has a considerable parallel
with Heidegger’s conception of Ge-stell.

Ellul characterised the modern conception of “rationality” in terms
of a “technical rationality” which brings mechanics to bear on all that
is spontaneous. It operates through systematization, division of labour,
creation of standards, production of norms, and the reduction of
method. Any intelligible critical analysis of any productive technology,
technical decision, or process, must be placed into a socio-economic
context of political interests and organization. Every technology is a
social ordering and organization of production processes directed to
the satisfaction of socially (politically and economically) emergent
goods (or ends). A technological order is a social order and vice versa;
non-human artifacts are participants in the shape and direction of
society. Technological choices reiteratively shape and limit the social,
economic, and political landscapes.26 “Technical rationality” is a
context-dependent bounded and evolving rationality.27 As Mueller put it 

… the form taken by a technological system is not a design but an
evolutionary trajectory. The trajectory is defined as its operations
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adjust to the specific social, geographical, economic and political
characteristics of its environment, and overcome the technical prob-
lems posed by its growth and its competition with other technolo-
gies. Anyone familiar with the history of a large-scale technological
system knows that an attempt to implement the simplest idea can
create vast numbers of unforeseen problems. It is the process of
solving these problems – not of preconceived design – that gives
technology its shape.28

The horizon of possibilities and the ways to reach it are reiteratively
shaped by the social, political, and economic choices and problems, for
which technology has promised to solve. By bringing new things into
the world, such as hydrogen bombs, antibiotics, contraceptives, radio,
motorcars, etc., technology transforms the world. New political, eco-
nomic, and social possibilities arise because new modes of social organ-
ization become possible. These possibilities, when realised, shape the
directions of technology. Technological objects are non-linear complex
objects that are emergent through interconnected socio-technical feed-
back relations and an evolving socio-technological background. It is no
more neutral than the contexts in which it arises because the uses 
to which any technology is put to are the content of its evolution.
Technical rationality is a bounded and evolving form of rationality
directed in accordance with a bounded and evolving concept of
“efficiency” as its basis for informed choice.

For Ellul, every intervention of technique is, in effect, a reduction of
facts, forces, phenomena, means, and instruments to the logic of
“efficiency”. The human agent becomes transformed into an agent that
is defined in terms of her/his performance and function, as an inte-
grated and articulated component, in an ensemble of functioning
agents. Technique sets upon and organizes human agency and is glob-
alised through the educational and technical dissemination of values,
projects, techniques, and technicians. It is a global unification of a
monolithic mode of social organization and cannot be anything other
than totalitarian because the imperative towards “efficient” intrinsi-
cally requires the absorption of any plurality of means into a “scien-
tific” unification in order to maximise “efficiency”, co-ordination, and
exploitation.29 This involves the total organization of the human
population to achieve “efficiency” and “maximise results” in every area
of human endeavour. It is this totalitarianism that generates the
monopoly of a technical phenomenon that achieves its autonomy by
being available as “the best technique”. Technical civilization is
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entirely constructed in terms of technique to such an extent that only
that which is technical is considered to be part of civilization.
Everything must serve a technical end and anything non-technical is
excluded as “inefficient”, “subjective”, or it is reduced to a technical
form. The project of “the technical man” is a perpetual search for the
“one best way” to achieve any designated objective and the perpetually
expanding and irreversible role of technique is extended to all domains
of life. The choice of method/technique is made in reference to the sat-
isfactory stabilization of measurements, calculations, and productive
practices, in relation to an intelligible causal account. Such a choice
cannot be divorced from the socio-technical backgrounds against
which it is made and emergent from. It is a matter of paradigmatic
socio-technical consensus. Once this choice has been made then tech-
nique becomes a technological object available for future work and is
placed in competition with other technological objects for ordering
within the technical imperative towards “efficiency”. The socio-
technical winner is taken to be “the most efficient” and “the one best
way”. Until it is replaced by another technique, “the one best way”
achieves a technical autonomy in practice because technical practition-
ers, also under the sway of the technical imperative, are obliged to use
it. Its results are indisputable until a “better” technique takes its place.
Once a technique has become established as “the one best way” then it
is no longer an object for technical deliberation. The technical practi-
tioner is committed, whilst under the sway of the technological im-
perative, to perform her/his operations in “the most efficient” manner
which, of course, requires using “the one best way”.

Ellul was concerned with the way that the dominance of the techno-
logical imperative has taken over all human activities and ordered
everything according to its utility according to mechanistic logic, tech-
niques, and machine processes. Like Heidegger, Ellul warned us against
considering the essence of technology as something technological. The
all embracing technique was, for Ellul, the “consciousness of the mech-
anised world” and it is this “consciousness” which manifests itself as
the imperative to integrate everything into the mechanized world and
“will assimilate everything to the machine; the ideal for which tech-
nique strives is the mechanization of everything it encounters.”30

Technique has become autonomous and integrated substance of
human agency within society. It led to the mechanization of human
activities, via the action of the machine, by applying the “know 
how” of mechanization to domains which were previously “lacking”
machines. The technical imperative to find and use the “most
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efficient” means pervades all human activity and “ranges from the act
of shaving to the act of organising the landing in Normandy, or to cre-
mating thousands of deportees.”31 Every material technique is subordi-
nate to its immediate result and “efficiency” is determined by choosing
the technique that produces the most satisfactory result. The technical
phenomenon is artificial, lacking spontaneity, and opposed to Nature.
The technical imperative is an attempt to create an artificial system
that is supposedly more intelligible, controllable, and conducive to
human well being than the natural world. It is this attempt that Ellul
considered to be “the societal gamble”: a gamble on the superiority of
an artificial world over the natural world. It is the whole technical phe-
nomenon, the technological society, which is itself a gamble. The
artificiality of the technological society created through technique
destroys and replaces the natural world. It does not even allow the
natural world to restore itself or enter into a symbolic relationship 
with it, and, accordingly, these two worlds are incommensurable. Just
as hydroelectric installations take waterfalls and lead them into con-
duits, so the technical milieu absorbs the natural. Heidegger also used
the example of the hydroelectric plant to describe the way that the
Rhine is disclosed as hydraulic pressure for an interlocking complex of
turbines, electromagnets, power stations, and a network of cables, set-
up to provide electricity as standing-reserve.32 The river is damned up
into the power plant and is transformed into a power supply. Even to
the extent that it is still a river in the landscape, it only remains so as
an object for the tourist industry. We are rapidly approaching a time
when there will no longer be any natural environment at all.

How did Ellul and Heidegger relate science and technology? For both
Ellul and Heidegger, mathematical techniques were central to their
definitions of science and they considered only that which can be
expressed numerically to be scientific and, hence, the scientific use of
technique is that of reducing the possibilities of investigation to the
calculation of numbers. Although Heidegger accepted that modern
physics “as experimental, is dependent upon technical apparatus and
progress in the building of apparatus”, he argued that human beings
are challenged and destined by Ge-stell to disclose Nature as the
standing-reserve of energy, and this attitude, on the part of human
beings, was first displayed in the rise of modern physics as an exact
science.33 Physics was a “way of representing [that] pursues and entraps
nature as a calculable coherence of forces” and even as pure theory
“sets nature up to exhibit itself as a coherence of forces calculable in
advance, it therefore orders its experiments precisely for the purpose of
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asking whether and how nature reports itself when set up in this
way.”34 He maintained his view that “mathematical physics arose
almost two centuries before technology” but claimed that because
“physical theory prepares the way first not simply for technology but
for the essence of modern technology” then modern physics “is the
herald of Enframing, a herald whose origin is still unknown.”35 He
argued that, despite the fact that “chronologically speaking” modern
physics began in the seventeenth century and machine-powered tech-
nology began in the latter part of the eighteenth century, the essence
of modern technology was “the historically earlier”. Modern physics
was itself challenged forth by Ge-stell in the demand that Nature is
orderable as standing-reserve. This set-up physics as a means by which
Nature was disclosed “in some way or other that is identifiable through
calculation and that it remains orderable as a system of information.”36

Thus for Heidegger, it is for that reason that “modern technology must
employ exact physical science”.

Ellul accepted that it is the creation of general explanatory theories
that makes science distinct from technique. However, he was critical of
the view that modern science is pure theory and technology is applied
science. He argued that this view is “radically false” because it is only
true of the nineteenth century physical sciences and is not true of
science and technology in general.37 In his view, technique preceded
science (“even primitive man was acquainted with certain techniques”)
but only began to develop and extend itself when science appeared.
Technique required science to progress because it had to wait for
science to provide the solutions to the problems posed by the repeated
experiments of technique. How did science provide the solutions?
What were the problems? Ellul did not address these questions. He
merely maintained that the border between technological and scien-
tific activities is not sharply defined and that technique provides
preparatory work for scientific synthesis. Science has become the
instrument of technique because scientific discoveries are increasingly
implemented in every day life before the consequences of that im-
plementation have been considered. For Ellul, modern science became
bound up with technique during the Industrial Revolution and devel-
opment of the machine and the application of technique to all spheres
of life. The work of technique, the mechanization of all human spheres
of action, was a systematization, unification, and clarification of every-
thing. Modern scientific research increasingly requires large teams of
researchers, enormous amounts of money, and the aid of machines.
The work of large scientific research is increasingly technical work and
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“pure science” is becoming increasingly “applied technology”. Ellul
observed that science has been becoming increasingly governed by
technique since the nineteenth century to such an extent that the
smashing of the atom and the smashing of Hiroshima (and Nagasaki)
are manifestations of the same imperative.38 Science requires the appli-
cation of technique as a necessary condition of its existence and
without technique science is merely hypothesis and theory. He also
used the example of the way that the steam engine was the product of
technical trial and error sequences of invention and improvements 
and scientific explanations came much later, to illustrate this point.
However, he did not provide us with an account of how those explana-
tions were forthcoming. Nor did he show us how they were related to
invention. How did precision and explanation solve the problems of
technique? Ellul did not explain this to any greater depth than arguing
that there is an increasing interaction between scientific research and
technical preparation to such an extent that science is incapable of
progressing without the technical means to do so. For example, accord-
ing to Ellul, Faraday was unable to precisely formulate his theories
about the constitution of matter because of a lack of high-vacuum
techniques. But why should this be the case? If technique and Nature
are independent, as Ellul maintained, then why is technique necessary
for natural science? Did he mean to imply that somehow high-vacuum
techniques were necessary for the precise formulation of Faraday’s the-
ories? Surely, if technique does not have anything at all to do with
Nature then there would be not any necessity for any particular tech-
nique for the scientific synthesis to proceed. What was the “matter”
that Faraday wished to explain? Ellul did not address these questions
either.

There was considerable equivocation and inconsistency, on Ellul’s
part, in his description of the relations between science and techno-
logy. He maintained the view that mechanical progress “is limited by
the physical world” and that the drive for efficiency is the mobilization
of “the forces of nature” and an “intervention into the inorganic
world.”39 However, he also insisted upon the fact that the “only thing
that matters technically is yield, production. This is the law of tech-
nique; this yield can only be obtained by the total mobilization of
human beings, body and soul, and this implies the exploitation of all
human psychic forces” and, yet, the “new milieu has its own specific
laws which are not the laws of organic or inorganic matter… Man 
is still ignorant of these laws.”40 Does this equivocation reveal an
inherent contradiction in Ellul’s argument? How could science and
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technology be related in this way and have nothing in common with
the natural world? Did Ellul take “the physical world” and “the inor-
ganic world” to be distinct from “the natural world”? Unfortunately,
he did not discuss the relations between these “worlds” further. In my
view, the equivocation in Ellul’s thesis was a consequence of his ratio-
nalist account of mathematics and characterization of science as math-
ematical and explanatory, on one side, and the absence of any account
of the technique(s) which provided a clear link between mathematics
and technology, on the other. What was the scientific synthesis? How
did science produce explanations? Ellul argued that the precision of
any machine is only possible because of the elaboration of its design
with mathematical rigor in accordance with its use, but he did not
provide any account of how this elaboration of its design could be per-
formed. This meant that practical activity rejected gratuitous aesthetic
preoccupations in favour of the idea that the line best adapted to use is
the most beautiful. It was supposedly necessity and the certainty of
mathematical calculation that characterised the technical world but he
did not provide any account of how mathematics became bound up
with the technical imperative and conceptions of “efficiency”. He
accepted that this imperative somehow developed out of the science 
of mechanics but its origin was “mysterious and enigmatic” and poss-
ibly bound up with magical rituals.41 This omission lead to the con-
siderable equivocation on his part that can be seen in his stance that
modern science depends upon technique whilst maintaining the tradi-
tional view that somehow technology is “applied science” because it is
mathematical.

My argument in chapter three is that if we take a closer look at the
transformation in the status of mechanics and its internal construction
in the sixteenth century then we can see how the confidence in and
the value of the practical advances of the technical imperative was
present in European thinking from at least the sixteenth century
onwards. In fact, we can see a “clear technical intention” in the writ-
ings of Francis Bacon, the practical interests of the Royal Society, and
the efforts of the sixteenth century Italian mechanists and engineers.
The practical values of the new sciences were central to the whole
enterprise of the new sciences from their very beginnings. Craft prac-
tices and the innovation of novel tools and instruments were central to
the work of Galileo, Descartes, and Newton. The technical imperative
was present in the sixteenth century drive for the achievement of
commercial, political, and military advantage in the competitive con-
texts of European ambitions. It may well have been a dream but the
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intention was there. The destining of modern technology had begun.
Furthermore, individualism was apparent in the natural and political
philosophers throughout the seventeenth century and eighteenth
century. The identification of “Man” as an isolated and rational indi-
vidual is apparent in the writings of Descartes, Bacon, Bentham,
Hobbes, and Rousseau. The focus upon material practices and social
relations based upon their satisfaction of individual interests preceded
the nineteenth century. This individualism was itself a consequence of
the beliefs in the primacy of the techniques of rational and reasoned
discourse and the unitary material relation between “Man” and
“Nature” as disclosed by the mechanical philosophies.42 These con-
ceptions were a consequence of the technical imperative rather than its
conditions and were the conditions for the Industrial Revolution and
the mass participation in the technical imperative to be represented as
progress, social evolution, and human destiny. 

Ellul located the search for “efficiency”, the demand for the “one
best way to do work”, in the nineteenth century. However, it was the
mechanical philosophies of the sixteenth and seventeenth centuries
that proposed that there is one single most efficient mechanism in
operation between any particular cause and its effect(s). That “most
efficient mechanism” was termed as “the natural mechanism” and it
was the allotted task of the natural experimental philosophies to find it
for any particular cause-effect sequence. The metaphysics of mechan-
ical realism provided the link between the mathematical sciences and
the practical sciences. The distinction between “pure” and “applied”
science is merely the distinction between finding the “most efficient
mechanism” and implementing it in the organization of productive
practices. Once we address the extent that experimental physics inter-
actively and reiteratively involves both the discovery and implementa-
tion of “the most efficient mechanism” in ongoing research and
technological practices, we can characterise experimental physics as
internally both “pure” and “applied”. In my view, this characterization
is as appropriate for the mechanical philosophies of the seventeenth
century as it is for the physical sciences of the nineteenth century (and
for the twentieth century as well) because both shared the same meta-
physical precepts. It is merely the case that it is more obviously charac-
teristic of the nineteenth century physical sciences. It was the project
of applying Euclidean geometry to the problems of mathematically
describing the six simple machines that linked mathematics and
mechanics. The metaphysical precepts of mechanical realism allowed
these mathematical descriptions to be presented as representations of
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“natural laws” and opened the way for the possibility of using math-
ematically described mechanisms to explain the occurrence of natural
phenomena. This metaphysics allowed technique to be understood as
limited by “the physical world” and as an intervention into “the in-
organic world” by mobilising “the forces of Nature”. However, as I
shall endeavour to argue throughout this book, these “worlds” are
nothing more than the abstractions of the whole complex of technical
ensembles of machines, in which any mobilization of “forces of
Nature” is the non-linear interactions that occur during the attempts
to integrate novel machines into this complex. It does not necessarily
have anything to do with the natural world at all! This complex is itself
only a small part of the real world (which I take to contain both
natural and artificial entities). If we are to understand the origins of
physics as a technoscience, we must inquire into how the massive
reduction of the ontology of the real world to an innovated collection
and ensemble of machines was metaphysically founded. This involves
an inquiry into the relationships between technology, knowledge, and
truth.

Technology, knowledge, and truth

Heidegger was critical of the way that “know-how” (techne) is treated as 
the ultimate virtue in the modern age.43 Heidegger based his distinction
between Ge-stell and techne upon the change in the destining of disclo-
sure. For Heidegger, the ancient handicrafts were a different mode of
disclosure from modern technology because they participated in “bring-
ing-forth” (poiesis) beings into the world as ends-in-themselves. They
were intimately bound-up with aletheia (truth) as a mode of disclosure
and presencing of the real. This truth was bound up with modes of
completion and perfection and did not correlate with the definition of
truth as “correctness” (veritas).44 Techne (plural: technai) had a loose
meaning of art, craft, or science in pre-socratic Greek.45 It had the con-
notation of “device” in the straightforward sense of “ploy” rather than
“something devised”. It had similar meaning to “crafty” and “artful”. In
ordinary usage techne was used to refer to cleverness and cunning in
getting, making, or doing, as well as to trades, crafts, and skills of every
kind. It involved a collection of tactics, stratagems, and tacit “know-
how” as kinds of activity to achieve specific ends. It was in the philo-
sophical writings of Plato and Aristotle that techne was treated as a
formal kind of knowledge, which could be used as a theoretical guide to
govern making. For both Plato and Aristotle techne referred to the

24 On the Metaphysics of Experimental Physics



general, abstract, and communicable first principles of making and
inscription in the activities of craftsmanship and art. It is how techne
was related to episteme (commonly translated as “science” or “know-
ledge of eternal and necessary principles”) that differed between Plato
and Aristotle.46

In Plato’s works, techne and episteme were closely related when dis-
cussing art and knowledge in general and were used interchangeably to
characterise geometrical reasoning in particular. In Philebus (55c–56d),
Statesman (258e), Gorgias (450b–c), and Ion (532), for example, Plato
used episteme to describe mathematical truth as eternal and necessary
knowledge, whilst using the word techne to describe mathematics
(including logic, arithmetic, and geometry) as the highest form of art.
Socrates often argued that all technai are involved with logoi (words,
speech, reason, principles) bearing upon some specific subject matter
of the art in question, even though some require a great deal of phy-
sical exertion and very little reason (i.e. horse riding, painting, or
sculpture) and others require a great deal of reason and very little exer-
tion (i.e. arithmetic, logic, or astronomy). Only routine activities (i.e.
cooking or persuading), unreflectively based upon experience and
habit, devoid of logoi were considered to be atechnos (devoid of art). Of
course such activities, such as cooking or persuading, can be (and are)
developed into arts, but for everyday purposes the usually are not.
According to Socrates, what such activities lacked, in order to qualify as
techne, was knowledge of the aitai (intelligible causes) involved in what
was made or done. Such everyday habitual and unreflective practices
were alogos (without words, reason, or principles). Any productive act-
ivity (poiesis) needed to be teachable through logos in order to qualify
as techne and henceforth techne was the knowledge of all productive
activities that could be reasoned about and taught. It was the logical
and communicable knowledge regarding the causal principles involved
in making or doing something. It could either proceed by conjecture
and intuition based on practice, training, and instruction (i.e. music,
medicine, or agriculture), or it proceeded through the use of number-
ing, measuring, or weighing. The mathematical activities of number-
ing, measuring, or weighing were taken to be the most truly technai
because they were taken to involve the greatest precision and were
more closely associated with the activities of making that operate upon
the material world. These reasoned activities operated by guiding 
acts of making through the use of mathematics, and the techne of
such activities, provided a formal knowledge and rules by which mate-
rial practices were performed, governed, and understood. However, in
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Philebus (56d), epistemoi such as arithmetic were distinguished from
technai such as carpentry because the former deals with abstract
numbers whereas the latter uses numbers to deal with materials. In The
Statesman (258e) episteme was used to denote pure theory or any
knowledge that did not relate to the material world in a practical
manner. Episteme was reserved for knowledge learnt for its own sake.

Aristotle, following Plato, also defined techne as a kind of knowledge
of making or production that informed material practices. He used the
word techne to refer to any theoretical knowledge concerned with
making that was explanatory, generalised, abstract, formal, and com-
municable (NE 6.4; Metaphysics 1.1; Rhetoric 1.2). Techne was induced
from unarticulated particular experiences and practices into communi-
cable, formal, and general knowledge of the first principles (or intelligi-
ble causes) involved in making or producing something. It was to be
used to reason about how to make particular things in a specific
manner. It was the general knowledge of the principles and causes, the
know-how and the know-why, of any specific art or craft. It was inex-
tricably bound up with an intellectual grasp (consciousness or cog-
nition) of first causes that provided the kind of knowledge possessed by
an expert (technite) in any one of the specialised crafts. Techne provided
“a true course of reasoning” that guided stable dispositions to make
particular things or bring about a state of affairs in a specific manner
(NE 6.4.1140a11). It was distinct from experience because the latter
could only be related to the particular, whereas the former was con-
cerned with the general and was to be used to explain the particular.
Someone may have the experience that outcome B will sequentially
follow action A but, without a complete account of why B follows A,
that person would not possess techne. Praxis (habitual practices) could
be learnt from experience and mimicry, and be used to develop tacit,
non-verbalised skills and beliefs regarding the best way to proceed.
However, it was only when this acquisition of experiences and instruc-
tion had been completed (inductively abstracted in a general true
course of reasoning) that techne could be acquired. The craftsman
needed to give a “rational account” of praxis before s/he could be said
to be a technite. This “rational account” was to facilitate the tracing
back of a product to its causes.

Every technai has its appropriate forms, tools, and materials. These
materials, tools, and forms govern and guide poiesis (Metaphysics
7.9.1034a10–11). Aristotle argued that the materials used in production
were distinct from the technite and techne was not contained in the pro-
duced thing or state of affairs. Aristotle made a distinction between
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things that find their origin in the maker (poieta) and things that find
their origin in themselves (phusika). The activities of bringing-forth
(poiesis) were taken to bring about and terminate in a product,
outcome, or end (telos) that was separate from them. A pot is brought-
forth through the actions of the potter, whereas a tree is brought-forth
in accordance with an internal principle of change (phusis). Aristotle
considered poiesis guided by techne to be distinct from phusis, yet he
used his conception of techne as his primary analogy in his elucidation
of his conception of phusis, whilst maintaining the autonomy of the
latter (Physics Bk.2, especially 2.2.194a22ff and 2.8.199a15ff). He used
techne to elucidate his conception of phusis as teleological (frequently
requiring tuche, meaning luck or chance, as a tripartite division). When
telos was introduced through the activity of a technite, the source of
change was separate from the thing in which the change happens.
Something could only be considered to be phusika when the source of
change was immanent within the thing itself. Techne was the posses-
sion of the most helpless, unshod, unarmed, unclad, but highest
animal who could, through techne, turn this weakness around, take
advantage of phusis, and even complete that which phusis left incom-
plete (Physics 2.8; Politics 1337a1–2). For Aristotle, techne was rooted in
and a completion of phusis to the extent that even human nature was
completed by techne through medicine, crafts, and politics (Physics
193b10 and 2.1.193a12–17; Politics 1.2.1253a2). Art imitates and com-
pletes Nature by attempting a union of form and matter that achieves a
deep union in which the telos (the end) comes from within. Thus, for
Aristotle, techne was directed towards perfection and the technite must
attend to the materials s/he works with. Within Aristotle’s four fold
causality of formal, material, final, and efficient causes, it was the
technite who took on the role of efficient cause. As “a true course of rea-
soning” techne was taken to be contained within “the soul of the crafts-
man” as “a reasoned state or capacity to make” and was consequently
taken to be bound up with the maker. It guided the hands to perform
definite motions that moved the tools and shape the materials into the
product. This motion embodied form (eidos) into matter (hyle) and pro-
duced substance or informed matter. Hyle should not be confused with
the post-sixteenth century conception of matter as inanimate and
structured material.47 Hyle referred to an unknowable and incognate
formlessness, the formless potential to receive form that is active in 
the reception of it (Metaphysics 7.9.1034a10–11). For Aristotle, no 
two lumps of clay were alike. Hyle was the particularity of any parti-
cular lump of clay and did not refer to the clay-like properties of the
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substance called “clay”. It referred to the particularity of the particular
(Metaphysics 7.8.1033b20–1034a7). It referred to the way that a potter
is unable to make the same pot twice and the way that each and 
every pot, as well as the experience of making them, is different 
even though they are all made out of the same substance. It was this
active and emergent particularity to which hyle referred (Metaphysics
7.8.1033b20–1034a7). Form could not be forced upon (or into) hyle
because of this active character in the reception of form. The technite
had to be responsive to the way that hyle received form and, although
the form was in the soul of the craftsman, its union with hyle was
directed by both techne and hyle. The extent to which the technite could
impose form upon hyle was not entirely within the control of the tech-
nite and there was a definite limitation to the extent that techne could
guide this union. 

Techne guides the inscription of form into hyle, which is the formless
potential to receive form that is active in the reception of it. There is a
definite limitation to the extent that techne can guide the imposition of
form in hyle; it is only to the extent that the intervention can be
grasped by “the rational part of the soul”, as form (eidos), that it can be
known and a part of techne (Physics 2.2.194a23). Although the form is
in the mind of the craftsman, its union with hyle is partially directed
by techne and partially directed by hyle, but the craftsman does not
control extent to which hyle can be informed. S/he must attend to hyle
and be responsive to the way that hyle actively receives form. It was for
this reason that Aristotle argued that both techne and perception (espe-
cially touch) were required to guide the activities of making (NE
2.9.1109b23). The technite had to be responsive to the receptivity,
capacities, tendencies of hyle emergent as the particularities of the
materials during attempts to impose form upon them, just as much as
s/he needed to know the appropriate forms, tools, materials, and how
to combine them. The receptivity, capacities, and tendencies of hyle
emergent during poiesis would not have occurred without the interven-
tion of the technite, but hyle, as the particularity of the particular, resists
the imposition of the generality of form from having complete sway.
Due to hyle, individual experiences of making could not be known in
their particularity through the general logos of techne. Due to the gener-
ality of techne, the particularity of individual experiences could be
emergent qua particularities. No general principle is capable of being
applicable to all particulars (N.E. 5.10.1137b13–15). It was hyle that
resisted the characterization of any praxis or poiesis under a single set of
rules (or instructions) that could be communicated from technite to
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apprentice. Although techne was comprised of formal, communicable,
general, and abstract principles of making, it was primarily learnt
through imitation and attending to the particularity of the appropriate
materials. According to Heidegger, the term “appropriateness” also
gives meaning to the term hyle.48 In ordinary Greek hyle meant forest,
thicket, or woods, in the sense of a place for hunting and gathering
material for building. From this ordinary meaning, hyle came to mean
material for any and every kind of building or production. However,
hyle did not mean raw material. It meant the capacity, or the appropri-
ateness, for use in the construction of a product. The wood to make a
table is selected and cut to order and, consequently, the very character
of its appropriateness is decided in relation to the making of the table.
It is in this sense that the properties of a natural entity, say a tree, are
determined in relation to its appropriateness for a task of making when
those properties are determined through planned interventions.
Theory is an incomplete guide to action and human beings become
builders by building (NE 2.1.1103a35). Aristotle defined techne in
terms of knowledge of the changeable and temporal, whereas episteme
was reserved for knowledge of the eternal and unchanging. Techne
was a general knowledge of the Being of Becoming, whereas the
particularity of activities evaded complete capture by generalities. 
Thus, for Aristotle, poiesis guided by techne was straddled on a con-
tinuum between particularity of practice and the generality of theory
(Metaphysics 1.1.980b25ff).

How do these ancient conceptions of knowledge relate to a modern
science such as experimental physics? If technai are involved, which
definitions of techne are appropriate at which stage of the process of
constructing experiments? Given the fact that techne is the term for
craft-knowledge, and the Ancient Greeks are not famous for their
experimental practices, it may well seem odd to the reader to charac-
terise the knowledge at work in highly technological modern experi-
mental physics in terms of ancient craft knowledge.49 My argument is
that, in order to understand the role of techne in modern experimental
physics, we need to also understand the role of craft practices, mathe-
matical practices, and hyle in experiments. The pre-socratic usage of
techne captures something of Ian Hacking’s use of the term “inter-
vention” and, as I shall discuss in chapter six, the word hyle captures
something of Andrew Pickering’s use of the term “material agency” to
describe the emergence of resistances during productive practices, and
it also captures something of David Gooding’s use of the terms “the
participation of Nature”, “recalcitrance”, “phenomenal chaos”, and
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“plasticity”, in his description of the development of craft practices 
in the early experiments by Michael Faraday. Plato and Aristotle’s
definitions of techne were premised upon knowledge providing the
highest degree of communicability, precision, and repeatability, on the
basis of “a true course of reasoning”. This “true course of reasoning” is
given in terms of the unchanging causal principles of change and, as
the knowledge of the Being of Becoming, is highly characteristic of the
theoretical knowledge of modern physics. This sense of the word techne
is an important one for the characterization of scientific knowledge
aspired towards during experimentation because “the true course of
reasoning”, in modern physics, involves the reduction of natural
processes by the question “how does it work?” It is constructed in
terms of the mathematical representations of natural mechanisms and
causes as guides to human interventions in productive and experimen-
tal labour processes. As I shall argue in chapter three, since Moletti and
Galileo, the conflation of techne and episteme, based on the postulation
of mechanical realism and the universality and eternality of the math-
ematical science of mechanics, has provided experimental physics with
an epistemological warrant for accessing the ontology of Nature by
inscribing machines and mechanical ensembles in terms of causal
mechanisms. It is this sense of techne, as an ideal, that is applicable to
experimental physics. If we take techne to be characteristic of the ideal
knowledge of causal accounts of the processes of building repeatable
experiments, then hyle provides us with a meaningful term to express
part of the phenomenological experience of experimentalists of the
way that experiments “do their own thing” and resist perfect reproduc-
tion. Techne is concerned with complete knowledge given in terms of
“a true course of reasoning” and such knowledge, should it occur in
experimental physics, would be the end result of experimentation. It
promises to provide the abstract, general, and communicable know-
ledge of how to repeat the experiment.

In chapter five I shall argue that experimental physics is an art
aiming to achieve its own techne for its own sake as well as a manifesta-
tion of Ge-stell destined to perpetually use and test the truth of itself by
gathering and ordering itself as standing-reserve for future innovation
and experiment. It is also situated within a wider world that provides
resources in exchange for novel prototypes. The technological objects
produced in physics are simultaneously produced for their own sake
and for the instrumental value they have in satisfying the challenges 
of ongoing research and the wider world. The imperative of Ge-stell is
the transcendental precondition of modern technology that gathers
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together human beings, challenges us (or sets us up), to reveal reality
in abstract and non-sensuous truths that are tested in terms of their
availability for future use. It is a technological attitude towards truth
and the world that sets upon human beings and challenges us to set
upon and challenge truth and the world through making change
happen. Modern science cannot be understood simply in terms of
“applied technology” because, through the use of mathematics, it
represents itself as directed towards the realization and acquisition of
episteme, and it thereby conceals the extent that it is a metaphysical art
directed towards the technological acquisition of techne of Nature.
Modern science, directed towards the acquisition of the techne, is en-
framing and directing the trajectory of the human understanding of
Nature, whilst simultaneously representing episteme as something tech-
nological. Modern physics is a destining of human beings towards the
metaphysical realization and acquisition of the techne of Nature and
the new powers that it promises to bring forth. It is through the deep-
ening of this destining in the science of cybernetics, in terms of its
transparency through embodiment and the illusion of the “steersman”
metaphor, which brings with it an increasingly unquestioning relation-
ship with modern technology.50 This brings with destining a danger to
our chances of developing a free relation with technology. It also has
the most profound impact upon our understanding of the world.

Heidegger in Being and Time addressed the question of science and
technology existentially, emphasising the primacy of practical over
theoretical concerns, and questioned the scientific objectification of
Nature.51 He was deeply concerned about the Galilean and Cartesian
subject-object distinction that presupposes a subordination of the prac-
ticality of knowledge in favour of a relentless search for abstract theo-
retical knowledge. Heidegger’s characterization of modern science was
that modern science is an objectification of Nature that represents “it”
in mathematical terms that cannot account for the “earthiness” of the
world. Hence, modern science, as a theoretical technology, allowed the
possibility of producing objects without true individuality (or thing-
hood). For Heidegger, the essence of materialism was concealed by
modern science because it not only asserts that the world is solely com-
prised of the physical interactions between particles of inanimate
matter, but also because it presupposes a metaphysics that reduces
every being to material for labour. In the 1949 version of his Letter on
Humanism, he noted that modern science had become the new meta-
physics into which philosophy was becoming dissolved.52 The unity 
of this metaphysics was unfolding, in a new way, in the science of
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cybernetics and, as a consequence of this metaphysics, the power of
modern science belonged to Ge-stell. It could not be stopped because
Ge-stell obscured the place of “the event of appropriation” (the origin
of modern science). This was itself possible because of the characteriza-
tion of knowledge as mathematical projection, the characterization 
of scientific investigation as experimental research, and the charac-
terization of science as an ongoing activity. Heidegger argued that
modern science treats phusis as if it were a self-making artifact and has
been interpreted as if it were a kind of techne.53 He posited that this
interpretation of phusis is a consequence of the modern metaphysical
conception of the essence of Nature as a “technique”. Thus modern
technology as Ge-stell and techne as a mode of aletheia were bound
together with truth, and, as a form of truth, modern technology is
grounded in the history of metaphysics. 

As I shall argue in chapter three, Heidegger’s characterization of
modern science as being founded upon the metaphysics of mathemati-
cal projection offers us a profound insight into the character of
modern physics and technology. Heidegger explored how the object of
modern metaphysical reflection was determined in relation to a deci-
sion regarding what is and the essence of truth. What ontological inter-
pretation of truth provided the basis for the foundation of modern
science and technology? Under which metaphysics was the essence of
modern science and the essence of modern technology brought
together and connected? Heidegger considered the interpretation of
modern technology “as the mere application of modern mathematical
physical science to praxis” to be a misinterpretation.54 Why is this
interpretation a “misinterpretation” and how did it arise? I agree with
Heidegger that machine technology, as the most visible outgrowth of
the essence of modern technology, was not simply “the application” of
modern science, but, as an autonomous transformation of praxis, it
made demands upon and shaped the form and trajectory of modern
science. However, Heidegger did not describe how this happened and
considered its origin to be mysterious.55 Thus he was unclear about
how and why it was possible and, consequently, in my view, he equiv-
ocated on the connection between modern science and technology.
Furthermore, he was unclear about how the content of the projected
ground plan of scientific research was refined and corrected as an
ongoing activity. Heidegger was correct to characterise both modern
science and technology as being bound together, but he did not
explain how they were bound together. How was this possible? How
does the power of modern science belong to Ge-stell? How are modern
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science and modern technology metaphysically connected? Heidegger
did not provide us with satisfactory answers to these questions. How-
ever, as I shall argue throughout this book, a closer analysis of how and
why physics is performed reveals that the direction of research in
experimental physics is driven by an imperative towards the novel and
productive disclosure and implementation of mechanisms in novel
kinds of machines. It is the disclosure of these mechanisms that 
binds truth with productivity, and metaphysically connects modern
science and technology with knowledge. Heidegger’s theoretical
preconceptions about the objectification of Nature within physics
became an obstacle to a deeper inquiry into its metaphysical foun-
dation, and (despite being highly critical of positivists) he had a posi-
tivistic conception of the object of experimental inquiry as being that
which, in all but the most recent phases of modern physics, was
directly accesible to perception. As a consequence, he proposed a bi-
partite ontology of law-phenomenon and was unable to reveal the con-
nection between modern technology and physics. As I shall argue, the
ontology of experimental physics is a tri-partite ontology of law-
mechanism-phenomenon. The objective of experimental physics has
always been to disclose the mechanism that connects phenomenal
changes with the law that supposedly governs those changes. The
abstraction of mathematical laws is only possible after this work has
been done.

Labour processes are social processes in which they are organised
upon the positing of ends. Georg Lukács termed this positing as “teleo-
logical positing”.56 As I shall argue in this book, the labour processes of
experimental physics, like all labour processes, have a teleological char-
acter. They aim to satisfy the purposes and challenges, which are
central to the setting-up of any experiment, and they are situated
within the technological framework of the research programme. The
practices and choices adopted in the execution of any experiment are
made with the explicit aim of satisfying those purposes and challenges,
whilst contributing to the research programme. Genuine novelty in
experimental physics is the product of a technical complex of hetero-
geneous component inventions combined into an ensemble, which is
integrated with other ensembles in order to reproduce functionality.
All technological objects are complex and cannot be understood with-
out addressing their connections and interactions with other techno-
logical objects and the purposes that they were constructed to satisfy.
Converging and integrating their components into a stable and unitary
centre of transformative power produces all novel technological
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objects. The labour processes of experimentation are the refining
processes of stabilization directed towards producing transformative
powers. When labour is performed for its own sake then the labour
process is an art directed towards its own self-perfection. All arts 
are self-directed labour processes that produce themselves for their own
sake. Science participates in discovery by discovering its own possibil-
ities. The purpose of the art of experimentation is to explore its own
possibilities by making them happen. It is metaphysical in the sense
that it aims to equate and unify these interventions and material prac-
tices under an operational principle derived from non-empirical con-
ceptions of science, technology, and natural phenomena. By showing
how these metaphysical precepts are related to modern technology,
through concepts of “mechanism” and “law”, it is my intention to
show how experimental physics has been successful in the discovery of
novel phenomena and achievement of predictive accuracy, whilst
maintaining a critical distance from the scientific realists’ application
of the concepts of “natural mechanism” and “natural law” to natural
phenomena. Hence it is my intention to show that the existence and
progress of experimental physics does not support or refute the
mechanical realist metaphysics that lies at its epistemological heart,
and, consequently, the technological successes of physics cannot be
used by scientific realists to support their claims about the ontology of
the world. However, far from supporting a positivistic interpretation of
physics, it is questionable whether a natural science based upon a
metaphysical project of experimentation using machines and instru-
ments is an empirical science at all!
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2
The Spirit of the Enterprise

In this chapter I shall describe how experimental physics is an inher-
ently realist enterprise to discover the “natural mechanisms” and
“natural laws” that are presupposed to pre-exist the attempt to discover
them. To this end, I shall describe in detail the operational meta-
physics of mechanical realism that makes experimental physics con-
ceptually possible as a means to obtain knowledge about the structures,
mechanisms, laws, and content of Nature. This metaphysics provides a
unifying conception of “the physical” that underwrites the founda-
tional principles and assumptions justifying the whole epistemological
enterprise of experimental physics as a natural science. It is premised
upon the following set of operational precepts that provide principles
of action and function as a technical guide for the conceptual estab-
lishment of a methodology to explore Nature:

(i) Natural and technological phenomena both share a unitary
origin;

(ii) Both natural processes and machine performances come into
being by the same causal principles; 

(iii) There is a unique, eternal, and universal cause for every effect (or
set of effects); 

(iv) The connections between causes and effects are the fundamental
mechanisms of Nature; 

(v) The realization of any mechanism is governed by a Natural Law
and, consequently, the performance of any machine is governed by
Natural Law; 

(vi) The mathematical descriptions of the motions of mechanical
devices, and machines, are mathematical descriptions of Natural
Law; and, 
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(vii) The only distinction between natural phenomena and machine
performances is that the latter require human intervention to
come into being whilst the former do not.

This kind of metaphysics is distinct from speculative metaphysics, 
such as Gassendi’s seventeenth century atomic theory of matter, or
Newtonian absolute space and time, or Everett’s many-world interpre-
tation of quantum mechanics.1 These were proposed in order to make
particular experiments and observations intelligible in terms of particu-
lar conceptions and interpretations of Nature. However, they are
replaceable and contingent within experimental physics, whereas the
whole project of using machines to explore natural mechanisms and
laws universally presupposes the operational metaphysics of mechan-
ical realism. It is a requirement for experimentation using machines to
be a means of ontological access and epistemological warrant, and has
been implicitly presupposed to interpret the results of experimental
physics since Galileo to the present day. It has endured through the
subsequent paradigm shifts from mechanical physics to quantum
mechanical physics, and from Newton’s classical physics to Einstein’s
relativistic physics. 

Any understanding of experimental physics should be based upon an
understanding of technology, when experiments use technologies as
the means to explore the natural world. Technology is not a neutral
means if the directions, performance, and results of experimental
research are shaped by the available technologies required to perform
particular research projects. Physics is premised upon the legitimiza-
tion and justification of techniques and anything that cannot be
disclosed via publicly accepted communicable and repeatable tech-
niques of disclosure are excluded from being included as an object 
for research. The “objects” of theoretical physics must be both graphi-
cally visualised and technologically implemented in order to be intelli-
gible and available objects for experimentation and mathematical
modelling. This allows theories to be “tested”. How are theories,
representation, and experiments linked? Ian Hacking characterised
experimentation as a series of interventions and have examined how
physicists use representations to plan and order these interventions.2

Hacking questioned the traditional distinction between experiments
that “intervene” and theories that “represent”. He argued that theories
also intervene as part of the process of making observations in experi-
mental practice and that experimentation is not simply a process of
comparing representations with observations because representations
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are instrumentally required in order to make the interventions neces-
sary for observations in the first instance. I agree with Hacking.
Theoretical and experimental practices are linked by making visual
representations of “invisible entities” (such as “subatomic particles”,
“space-time curvatures”, “superstrings”, and “electromagnetic fields”)
that can be related to interventions through the mediation of cali-
brated instruments and apparatus. However, once we take the opera-
tional function of the precepts of mechanical realism into account
then we can generalise further. Theoretical objects are conceptually
linked to technological objects by using a conception of mechanism as
the link between natural causes and effects.3 The internal relationship
between theoretical and technological practice is a series of implemen-
tations of techniques abstracted as the realization of mechanisms. This
permits the progressive development of both theory and technology.
Experimental physics is directed towards the achievement of a com-
plete account of the unchanging first principles of causal change 
in terms of the mechanisms that govern the performances of the ex-
perimental apparatus. Such performances are taken to be the natural
responses of the apparatus to human interventions and are taken 
by experimental physicists to disclose natural mechanisms at work.
Knowledge of such principles of change have the characteristic form 
of a theoretical knowledge of how change happens due to the actual-
ization and exercise of natural causes, mechanisms, powers, and struc-
tures in accordance with natural law. The successful implementation of
a mechanism in technological practice is taken to be the actual dis-
closure of those otherwise “invisible” theoretical entities as the effects
of real entities. These entities are disclosed by technological operations
that are interpreted using graphically visualised “natural mechanisms”
by which these “invisible entities” supposedly interact via the com-
ponents of the machinery of the apparatus. The work of novel experi-
mentation is to provide visual representations and intelligible models
of “the invisible world” that allow the “objects” and “mechanisms” of
theories to become “observable” and available for manipulation by
interventional techniques. The only postulated theoretical entities that
are acceptable within experimental physics (whether described as parti-
cles, forces, waves, or whatever) are those that can be used to interpret
machine performance, via a mechanism, and when these are instru-
mental in the innovation of novel machines then they are taken to be
real within the ontology of mechanical realist physics. The epistemo-
logical character of scientific knowledge is reduced to “know-how” 
and the study of natural phenomena is reduced to the search for
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fundamental mechanisms and their implementation in future scientific
work. Thus experimental physics is premised upon the “how does it
work?” question and it “tests” any answer to that question by attempt-
ing to produce and reproduce the proposed mechanisms in the on-
going work of technological innovation. Hence the truth-status of any
theory in physics is perpetually deferred to its future utility in the
extension of the ongoing work of experimentation. The operational
metaphysics of mechanical realism entails these precepts being situated
within ongoing technological practices as an experimental mode of
disclosure.

As I shall argue in the next chapter, the “self-evidence” of mechan-
ical realism was established in the sixteenth century. It has become so
widely and deeply accepted within the epistemology and ontology of
physics, as well as other experimental sciences, that it has ceased to be
a part of metaphysics at all and has become an inarticulate and habit-
ual set of beliefs, values, and presuppositions. It has been paradigmati-
cally inherited and embodied in discourse, experience, and practice,
via education and the acceptance of scientific authority. This paradigm
remains concealed behind a positivistic disciplinary matrix until its
metaphysical stepping-stones have been disclosed. Nicholas Maxwell
argued that physics is unintelligible, as a human pursuit, unless we
examine the metaphysical assumptions that are required for evidence
and theories to be comprehensible.4 For Maxwell, physics is only poss-
ible because of speculative metaphysical assumptions regarding the
ultimate nature of the Universe and he considered the role of philo-
sophy to be that of revealing these assumptions. Physicists need to
make judgements about the ultimate nature of objective reality from a
position of complete ignorance in order to begin the inquiry into the
ultimate nature of objective reality. Hence Maxwell argued that

Metaphysics determines methodology. This makes it of paramount
importance that a good basic metaphysical conjecture is adopted,
one that corresponds to how the universe actually is. A bad meta-
physical conjecture, hopelessly at odds with the actual nature of the
Universe, will lead to the adoption of an entirely inappropriate set
of methods, and the result will be failure, possibly, of a peculiarly
persistent kind.5

He proposed a ten level hierarchy of metaphysical assumptions con-
cerning the comprehensibility of the Universe and demanded that the
assumptions implicit in current scientific methodology are made
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explicit and increasingly simplified. However, he presumed that once
we have arrived at indubitable assumptions (that can not be doubted
without impeding the growth of knowledge) then we have a good
reason to believe that we are nearing the truth. I wish to put aside 
the obvious philosophical objections to such a presumption. My con-
tention with Maxwell is that he has presumed that physics is self-
evidently successful from the onset. This presupposition allowed
Maxwell to start with “evidence” as the first level of his ten levels
system. Thus he only offered us a system based on principles of sim-
plicity and comprehensibility for explicating the speculative metaphys-
ical assumptions used to interpret “evidence”. However, his system
does not provide us with an account of how “evidence” is selected and
produced qua evidence. He did not provide us with any account of the
operational metaphysics that underlies experimental inquiry using
instruments and apparatus as a means of producing evidence about the
Universe. In my terms, Maxwell’s system presupposes mechanical
realism as its underlying operational metaphysics. This is necessary for
the disclosure of a level one “evidence” on the basis of experiments
using machines. It is an implicit “level zero” that allows experiments
upon machines to be presented as disclosures of natural mechanisms.

Mechanical realism is premised upon and justifies an uncritical
acceptance of the neutrality of technology. The mechanical realist
believes that technology provides a neutral means by which scientific
theories about the connection between the observable and the unob-
servable can be tested. S/he argues that indirect evidence, through
mathematical and experimental practices, can relate the observable
effects of unobservable causes with theoretical explanations of such
changes in terms of mechanisms. This supposedly provides such theo-
ries with explanatory power. Such arguments take the form of “infer-
ence to the best explanation arguments” – if a theory explains some
“data” better than any other theory, we supposedly have a good reason
to think that it is true or approximately true. Explanatory power is
taken to be a reason for belief. It is inherent to scientific realism that
science progresses by providing increasingly better explanations. The
current scientific explanations may not be true but somehow they are
truer than the previous explanations. As Popper put it:

[Scientific realists] not only assume that there is a real world but
that also this world is by and large more similar to the way modern
theories describe it than to the way superseded theories describe it.
On this basis, we can argue that it would be a highly improbable
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coincidence if a theory like Einstein’s could correctly predict very
precise measurements not predicted by its predecessors unless there
is ‘some truth’ in it.6

In other words, the predictive success of Einstein’s theory supposedly
underwrites (at least tentatively) the existence of unobservable entities
it postulates. These entities, such as regions of space–time curvature
and invariant metrics, are supposedly underwritten by the technologi-
cal success of using Einstein’s theory in the exploratory work of obser-
vational astronomy and astrophysics. The scientific realist argues that
if a theory based on unobservable entities produces predictions of
observable regularities, and expands the boundaries of what can be
observed, then what that theory has to say about the unobservable
world has a good chance of being true. Given that we have predictively
successful scientific explanatory theories we supposedly have a reason
to think of them as true, or at least, approximately true. This kind of
argument for a scientific realist interpretation of scientific theory
acceptance is an argument for methodological scientific realism.7 This
scientific realist argument is concerned with what science can and
cannot do. It expresses the hope that we can transcend human per-
spectives and achieve knowledge that will act as a corrective activity
upon the social and historical differences in our perceptions of the
world into which we are born. Furthermore, through technology,
science promises to take us much further than our limited bodies
would otherwise allow. We can extend our powers of observation by
using instrumentation and send probes to distant planets, for example.
It is this very technological power that supposedly provides us with a
wider and more inclusive world-view than our inborn nature would
provide, and hopefully will provide us with a less relative and more
absolute account of the world. This position requires and maintains a
distinction between the appearance of the world (according to our
sensory experience) and the reality of the world (possibly open to expe-
rience through technological powers and scientific exploration). It is
this distinction that required the categorization of the world into
primary and secondary qualities or characteristics. This position
requires the acceptance of the existence of an absolute, complete
world, as it is in itself, to which any particular modes of perception
could be related, at least in principle. Any such perception would 
be available to any being of any bodily or contingent constitution
provided any such being was able to perform scientific activity and
thinking.
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This position is a modern manifestation of the ancient dream that
everything in the world can be expressed and known as derivative
from universal and eternal principles. This is an ideal which, at least as
of yet, science has been unable to actually achieve, nor demonstrate
that it is achievable in the future. The scientific realist’s position is one
of a faith that science will be able to provide episteme even though any
“epistemoi” so far provided by scientific activity have been short lived
and disputable. It is this faith that reveals the extent that scientific
realism, as a philosophical position, is based on a psychological dispo-
sition that makes scientific activities and discourses meaningful for
methodological scientific realists as being based, if not on knowledge,
but on the faith in the possibility of achieving knowledge. However, if
we intend to understand the methodology of physics then we need to
understand the methodological function of this faith. Do physicists
need to be scientific realists? Does a physicist who adopts scientific
realism behave differently from one who does not? The methodologi-
cal scientific realist argues that physicists seek a literal understanding
of past and present theories, and the use of concepts underwrites their
employment in the construction of new theories. The basis for this
belief is that new theories point out – and explain – new phenomena.
This achievement is Bacon’s dream of new knowledge offering new
powers. If science is based on scientific realism, and science achieves
successes in both prediction and communication, then the method-
ological scientific realist considers it absurd to claim that science could
achieve such successes, being based on scientific realism, without
achieving some approximation to the truth. Methodological scientific
realism is based upon instrumentality and intelligibility arguments for
truth. This presupposes that physics is successful and that success
underwrites the realist motivation for being a physicist. Let us also
assume that physics does achieve success in making predictions and
achieving new powers and that physicists are (by and large) scientific
realists. Does it follow from this that the rest of us should be scientific
realists? In A Realist Theory of Science, Roy Bhaskar argued that it does.8

Bhaskar’s realist theory of science

Bhaskar argued that material practice is central to the endeavour of
experimental physics. He stands alongside many within contemporary
science studies, such as Hacking, Gooding, and Pickering, in this res-
pect. Bhaskar also argued that science is a social product and activity.
Knowledge is not created in a vacuum out of nothing. It can only 
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be produced by means of production, as revised understandings are
achieved via the transformation of existing insights, hypotheses, guess-
es, and anomalies, etc. Bhaskar claimed that scientists seek to account
for some phenomenon of interest in an open system by using a closed
system of the experiment to produce a regular pattern of events with
the aim of exercising and identifying a (set of) mechanism(s) most
directly responsible for those events. Producing this explanation will
involve drawing upon existing cognitive material, operating under the
control of analogical reasoning and metaphor, to construct a theory 
of mechanism that, if it were to work in the postulated way, could
account for the phenomenon in question. Bhaskar accepted that social
activities such as the scientific practices of experimental activity are
historically transient and dependent on the powers of human beings as
causal agents. He asserted that it is not the task of philosophy to deter-
mine what the mechanisms are – that is the task of science – but,
rather, “the function of philosophy is to analyse concepts that are
‘already given’ but ‘as confused’”.9 The work of philosophy is sup-
posedly to critically examine the questions “put to reality” and the
manner in which this is done. He proposed his transcendental realism
to make science intelligible and answer the metaphysical question:
what makes science possible? What must the world be like for those
scientific practices to be possible? Transcendental realism, unlike
Hacking’s instrumental realism, Pickering’s pragmatic realism, and
Gooding’s asymptotic realism, is both descriptive and prescriptive. It is a
philosophy for science, rather than merely a philosophy of science.

The main thrust of his argument was against positivism. He argued
that positivism is unable to sustain either the necessity or the univer-
sality of natural laws because positivism, whilst affirming the existence
of things, events, and/or states of affairs, denies the possibility of any
knowledge of underlying causes, powers, or structures. Positivism
restricts knowledge to statements such as “when A happens then B
happens” but does not claim “A causes B”. He argued that positivism is
guilty of “an epistemic fallacy” by reducing the question of “what is”
to that of “what can be known” and cannot provide an intelligible
theory of experimental science. Bhaskar declared his intention “to
provide a comprehensive alternative to the positivism that has usurped
the title of science” and proposed his transcendental realist theory of
experimental science as a third position to stand against both posi-
tivism and idealism.10 He distinguished his transcendental realism
from positivism by arguing that a pattern of events produced in exper-
iments signifies the existence of an invariant generative or causal
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mechanism rather than merely signifying regularity. He distinguished
his position from idealism by allowing the possibility that generative
or causal mechanisms referred to in explanations as something that
may be real rather than always imaginary. However, Bhaskar went
further than just providing a realist interpretation of experimental
physics. He claimed that a realist interpretation of science is necessary,
if experimental activity is to be intelligible. He argued that his tran-
scendental realism “is the only position that can do justice to science”
because “without such an interpretation it is impossible to sustain the
rationality of any scientific growth or change”.11 He maintained that
there is an ontological distinction between scientific laws and patterns
of events because the core of theory has a conception or a picture of a
natural mechanism or structure at work, and asserted that natural laws
operate independently of the conditions for their identification in
terms of patterns of events. Given that in the world outside the labora-
tory walls is a complex place in which regularly repeated constant con-
junctions (or regular patterns) of events (such as “when A happens
then B happens”), required by the positivistic sciences, are uncommon,
then a positivistic science would only operate within the circumscribed
confines of the closed system. It would not be able to justify the pro-
duction of any conjunctions of events that it was able to produce
because, as empirical regularities, they would not be transferable from
the context of production. These empirical regularities could not be
presented as the consequences of natural laws. Thus, for Bhaskar,
empiricism cannot make the practices of experimental sciences intelli-
gible as a human pursuit. According to Bhaskar, experimental physi-
cists seek to isolate mechanisms and do not stop at noting the
existence of constant conjunctions. The presupposition of the exist-
ence of a law must be prior to any attempt to identify it. For example,
for Faraday and Maxwell’s efforts to be intelligible, the laws of electro-
magnetism must be existent prior to and independently of Faraday’s
experiments on electromagnetic phenomena and Maxwell’s mathemat-
ical formulation of those laws. The purpose of experimentation is to
actualise the mechanisms that are governed by those laws and any
intelligible account of experimentation must presuppose that natural
laws are prior to and transcend the experimental activity that actualises
them. Thus, for Bhaskar, the assumption of the efficacy of a law must
precede the attempts to actualise and stabilise a pattern of events if
those attempts are to be intelligible. If the laws of electromagnetism,
for example, are real independently of whether they are known to exist
then we can presume that they exist prior to their actualization in 
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the movements of the magnetic needle when a magnetic compass is
moved next to an electric wire. Furthermore, we can also presume that
the actualization of those laws occurs, under those conditions, whether
or not we empirically observe the compass needle move. Hence, his
argument for the realist structure of experimental activity was based on
the following premises:

(i) Causal laws are ontologically distinct from patterns of events; 
(ii) Causal laws are those aspects of reality which underpin, generate,

or facilitate the actual phenomenon that we may (or may not)
experience;

(iii) The intelligibility of experimentation presupposes that reality is con-
stituted not only by experiences and the course of actual events, but
also by structures, powers, mechanisms, and tendencies; 

(iv) Knowledge cannot be equated with direct experience;
(v) An adequate account of science requires the presumption that

reality revealed by science exists independently of the human
efforts to reveal that reality.

His conclusion was that only a realist analysis could sustain the intelli-
gibility of using artificially closed systems in experimental science to
learn about the natural processes in the open systems of the world.
When an experiment has been set up so that only one mechanism, or
a single set of mechanisms, operates then we have a closed system.
Even though no system is ever perfectly closed, experiments can
approximate a closed system sufficiently enough to satisfy the purposes
of experimental science. The reality of the mechanism(s) disclosed by
experimental activity is subsequently subjected to empirical scrutiny
and the empirical adequacy of the hypothesis is compared to that of
competing explanations. The concept of a mechanism provides a meta-
physical conceptual link between change in the real world and changes
in machine performances in the laboratory. A mechanism is an index
for the repeatable processes and machine performances that provides a
central discursive function within causal accounts used to explain
those processes and performances. On Bhaskar’s account, mechanisms
can only be identified in closed systems and are restricted to the
artificial contexts of experimental sciences, but can be used to explain
the events in the “open systems” of the real world. Hence, Bhaskar
described an experiment as “an attempt to trigger or unleash a single
kind of mechanism or process in relative isolation, free from the inter-
fering flux of the open world, so as to observe its detailed workings or
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record its characteristic mode of effect and/or test some hypothesis
about them.”12

Bhaskar argued an adequate theory of experimentation must allow
for three kinds of “ontological depth”: intransitivity, transfactuality, and
stratification:

Intransitivity allows the possibility that the mechanisms identified by
experiment operate prior to and independently of their discovery, and
also that they are not changed by the processes involved in their dis-
covery. Whilst the transitive dimensions of experimental activity are
the contingent practices of the experimenters and the current theories
that they are working with, the intransitive dimensions are the mech-
anisms and laws that the experimenters are trying to discover. 

Transfactuality allows the possibility that “the laws of Nature” exist
and operate independently from the closure of the systems in which
they also can be existent and operational in the artificial production 
of empirical regularities. The constant conjunctions of events in ex-
periments are produced in accordance with natural laws that operate
independently of the experiments that disclose them. Theoretical
explanations explain laws in terms of the structures which account for
constant conjunctions in closed systems, while they are applied trans-
factually in the practical explanation of the phenomena observed in
open systems. Bhaskar proposed that his analysis provided a condition
of the intelligibility of experimentation because the laws that science
identifies under experimental conditions continue to hold as transfac-
tuals (not empirical regularities) extra-experimentally. This is the ra-
tionale for practical, explanatory, diagnostic, and exploratory scientific
work. The purpose of experimenting is to identify a universal law
(within its range), which, in virtue of the need to perform a disclosing
experiment, is not actually or empirically present, and allows experi-
mental science to operate within a context of discovery. Once the
ubiquity of open systems and the necessity for experimentation are
appreciated, then laws must be analysed as transfactual, as universal
(within their range), but neither actual nor empirical. 

Stratification allows the possibility that Nature imposes a certain
dynamic logic to scientific discovery, in which progressively deeper
knowledge of natural mechanisms is achieved, as “the strata of reality”
are uncovered a posteriori. Bhaskar claimed that this conception of
stratification allowed him to isolate a general dynamic of scientific
discovery and the development involving the identification of differ-
ent strata of explanations given in terms of natural necessity, tenden-
cies, and mechanisms. For example, the thermodynamic mechanisms

The Spirit of the Enterprise 45



invoked to explain the heating of water can be explained in terms of
the bonding and elastic properties of molecules of water, which, in
turn, can be explained in terms of the electronic structure of water
molecules, and, in turn, the principles of quantum mechanics, and so
on. The historical development of the scientific understanding of why
water boils when heated (rather than freezing) in terms of “deeper
strata” of explanation follows “the strata of reality” because it is neces-
sary to explore higher-order strata before one can investigate deeper
ones. Bhaskar argued that it follows from the stratification of reality
that any adequate science must provide stratified explanations in terms
of a multiplicity of levels of causal mechanisms. Even though one kind
of mechanism may be explained or grounded in terms of another, it
cannot be necessarily reduced to or explained away in terms of it. Such
grounding is consistent with its emergence, so that the course of both
Nature and scientific exploration are different than it would have been
if the more basic stratum alone operated. The higher-order structure 
is real and worthy of scientific investigation in its own right. Any ex-
planation that is (tentatively) accepted must be also explained and this
further explanation must in turn be explained on the basis of a stratifi-
cation of reality. The real multiplicity and stratification of natural
mechanisms grounds a real plurality of sciences that study them. 

At the base of these three kinds of “ontological depth” was a causal
criterion for attributing reality. The theoretical entities and processes
proposed as plausible explanations of observed phenomena were to be
established as real through the construction either of sense-extending
equipment or of instruments capable of detecting the effects of phe-
nomena. He presumed that accurate models in terms of functionality
necessarily imply that they are accurate models of the phenomenon
under investigation and, consequently, these models disclose the
underlying mechanisms of the phenomena under investigation. These
three kinds of “ontological depth” also provided two criteria for an
adequate realist philosophy of science. Bhaskar termed these two cri-
teria as vertical and horizontal realism. Vertical realism assumes that
science is a progressive, continuous, and reiterative process of move-
ment from manifest phenomena, through experimentation and cre-
ative modelling, to the identification of generative causes, which 
then become the new phenomena to be explained. Horizontal realism
assumes the universality of the workings of generative laws or mecha-
nisms (within their range) and is a statement of the independence of
the mechanism discovered during experiments. The horizontal aspect
supposedly explained why mechanisms may be possessed unobserved
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and the vertical aspect supposedly explained why they could also 
be discovered in an ongoing irreducibly open-ended process of scien-
tific development. This two-fold realism is committed to the belief that
the powers or tendencies of underlying generative mechanisms dis-
closed through experimentation provides us with insights into the
nature of things outside the context of the experiment. Without this
belief, for Bhaskar, experimental science is unintelligible and an essen-
tial feature of experimental science is that it uses the closed system to
find the otherwise hidden mechanisms that operate in open systems as
a means of producing causal explanations about the phenomena 
in open systems. Therefore it cannot be accounted for in terms of
positivism because, as he put it, “scientifically significant generality
does not lie on the face of the world, but in the hidden essences of
things.”13 The process of science is to move from the identification of
“protolaws” to the identification of “laws of Nature”, where a “proto-
law” is a potentially non-random patterns and results of Nature
(including in the laboratory) that are epistemologically significant. 
The crucial scientific transition is the identification of a generative
mechanism or structure that explains a “protolaw” and would ground
a law of Nature i.e. a transfactual and efficacious tendency, understood
as universal (within its range) but non-empirical, necessary, and dis-
covered a posteriori.

The inadequacy of empirical adequacy

Many historians and philosophers of science, such as Kuhn, Feyerabend,
Hacking, and Gooding, have shown that the boundary between the
observational and the theoretical is ambiguous – it may change with
new instrumentations, concepts, and representational techniques. New
experiences are made possible through the innovation of instruments
such as the electron microscope and the microwave telescope. The inno-
vation of new instruments has led to the growth of “the observable
realm” and, as even Popper accepted, observations are made in the light
of theories.14 Bhaskar and Harré not only accepted that the act of making
an observation is guided by theory, but also argued that it was an essen-
tial aspect of the intelligibility of experimentation that it was. However,
they did not explain how theories and observations were to be con-
nected in the ongoing work of experimentation. Gooding has provided a
clear and detailed account of how Faraday made and used visualizations
and interventions within the ongoing work of constructing and
communicating his experiments.15 The positivistic restriction of the
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ontology knowable through experimental science to that of observable
entities is extremely problematical because of the complex relations
between theory and observation when instruments mediate them. It is
not simply a matter of passively seeing what is there because one must
also interpret what one sees. It was for this reason that Kuhn and
Feyerabend argued that observations using instruments are “theory
laden”, and, as Hacking and Gooding argued, observations are made in
experiments through a series of interventions using pre-theoretical pic-
tures and many observations are not even formally “theory laden” but
are made using tentative visual representations. Gooding argued that
experimenters make a tentative visualization, or construal, of a phenom-
enon before making a theoretical interpretation of it and use these con-
struals to show others how to make the same observation and to guide
further interventions. The indirectness of perceptual experience when
using such instruments is a serious problem for a positivistic conception
of science because the processes involved in using novel instrumentation
to make novel observations are not based on empirical and logical
propositions.

This problem is made worse for the positivist if the initial innovation
and development of a new instrument, such as a solar neutrino detec-
tor or electron microscope, is based upon a theory that utilises un-
observable mechanisms, such as neutrino oscillations or electronic
quantum tunnelling, and unobservable entities, such as neutrinos and
electrons. The shift in the boundary between theoretically possible
observations and “the observable realm” is navigated using instru-
ments that are imagined, designed, built, and operated through the
implementation of theories, interpretations, and construals based upon
postulated entities and mechanisms that cannot be directly observed.
The construction and operation of instruments such as electron micro-
scopes, x-ray scanners, neutrino detectors, Geiger counters, microwave
telescopes, etc., is at best highly problematic for the positivist and at
worst is meaningless and unscientific. We do not have a direct per-
ceptual acquaintance with “objects” such as electrons, genes, and
electromagnetic waves, etc., at any time or in any context. We infer
their existence on the basis of the use of theoretical interpretations,
representations, and construals of the outputs and performance of
machines. Pointing at a tree and saying “tree” is not the same type of
reference-act as pointing at a test-tube full of gloopy liquid and saying
“genes”, pointing at a photograph of slightly curved lines and saying
“electron”, or pointing at the change in the position of a magnetic
needle next to a electric wire and saying “electromagnetic wave”.
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Inferences are not the same type of reference-act as perceptions. The
act of looking at the output of an electron microscope and seeing the
internal structure of bacteria, or the act of looking at the output of a
radio telescope and seeing a distant quasar, requires specialised inter-
pretation and training to be able to perceive “what is there” in terms of
a theoretical understanding of how the detector works. The ontological
status of “causal mechanisms” and their role in the construction of
experience is crucial for an understanding of the relations between
theory and experience in experimental physics. Do we need to be real-
ists about “causal mechanisms” when the construction and use of
instruments in experimental physics is initiated and understood in
terms of “causal mechanisms” and experimental physics is shown to
technologically progress and achieve predictive accuracy by using
those instruments? As Hacking insisted, along with the methodological
scientific realists, the growth of the observable realm through instru-
ments is an important feature of science. If the same entities can be
observed with independent instruments then there is a good reason 
to believe that they exist independently of those instruments. This
belief in the transfactuality of the existence of theoretical entities, such
as electrons or electromagnetic fields, is central to the intelligibility of
experimental physics as a pursuit and emphasises the importance of
cross checking. Thus the instrumentality of any theory in successfully
making different experiments and observations supposedly provides a
good reason to believe that the theoretical entities exist. This point was
also central to Harré and Bhaskar’s arguments for scientific realism. The
prediction of possible novel phenomena is an important aspect of the-
oretical work. Physicists use theories to discover and explain the ele-
ments of the world that exist independently of human experience and,
for the methodological realist, the rationality of this intention is epis-
temologically justified by their successes in achieving it. If novel ob-
servations and powers are made possible because of a new device then
it would seem that there are good reasons to believe that the theoreti-
cal causal mechanisms utilised in the conception and design of that
device must exist.

However, the situation is not quite that simple. Scientific theories are
generalizations, idealizations, and abstractions, which focus on partic-
ular properties of phenomena under investigation and cases of partial
regularity, that are modified in accordance with the particularities of
use in context. Hence, as Nancy Cartwright argued, that literal repre-
sentation is not a criterion in theoretical modelling.16 Assumptions and
approximations are accepted which, although not exactly true, are not
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exactly false either. Physicists simplify complex natural phenomena in
order to provide the simplicity appropriate for manipulation and mod-
elling within the context of the experiment, and theories are corrected
and modified in order to fit the facts. Thus both theories and the
objects to which they apply are constructed and then matched, in a
piecemeal fashion, to the real situations. This process sometimes pro-
vides predictive accuracy but rarely do theories and models match all
the facts at once. Hence, Cartwright argued that fundamental laws do
not, in fact, describe reality but only describe the appearance of reality
that “is far tidier and more readily regimented than reality itself.”17

Physicists can only achieve abstract descriptions of “the appearance of
reality” and these are insufficient to provide good reasons for a belief
in the theoretical entities used to produce those descriptions. It is
possible that novel machines could be built on the basis of an instru-
mental and piecemeal use of a collection of theories, construals, repre-
sentations, and models as heuristic guides. The attempts to produce a
neat, consistent, unified, and abstract theoretical understanding of
novel machines often retrospectively follow the innovation and devel-
opment of that machine (as in the case of the steam engine or the elec-
tromagnetic motor). Such theories could always be replaced in the
future and, consequently, even though the empiricist will argue that
theories must accurately describe the behaviour of phenomena, this
does not give us compelling reasons to believe that the theoretical
entities postulated in empirically adequate theories really exist.

In her later work, Cartwright argued that natural laws and the
scientific theories that describe them are not universally applicable, but
are true only ceteris paribus and the content of our best scientific theo-
ries describes the capacities things have as a result of possessing certain
features or properties.18 She argued that even the best descriptions of
natural laws are highly limited in scope and apply only to very specific
arrangements of things that the regularities described by these laws.
She termed these very specific arrangements as nomological machines.
She defined a nomological machine to be an arrangement of objects
and properties that have stable capacities or powers that generate
empirical regularities.19 Such a machine may be very simple, such as a
rigid rod placed on a fulcrum that serves as a lever, or it may be very
complicated, such as the Stanford Gravity Probe. The important feature
of such machines, according to Cartwright, is that they possess capacit-
ies that generate regular behaviour when the machines are set running
in the right conditions. The right conditions include the fact that the
machine is shielded from unwanted outside causal influences that
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would interfere with its operation. Regularities are hard to find because
nomological machines operating in shielded conditions rarely occur
naturally and it requires experimental intervention and control to
shield a nomological machine in the right way for it to generate 
the appropriate regularities. Cartwright argued that capacities are more
ontologically fundamental than empirical regularities because the
existence of such regularities depends upon the existence of the capac-
ities of a nomological machine. Laws only hold so long as such
arrangements are in evidence and effectively shielded from interfering
factors. Scientists construct models of for the various capacities of the
arrangement in specific circumstances, but in other circumstances dif-
ferent combinations of capacities may be evidence and a different law
may be applicable. As a consequence of this, Cartwright argued that
laws do not account for the behaviours of things in the world because
specific laws hold only insofar as things with stable capacities are
thrown together in appropriate circumstances. In her view, we need to
examine the nature of capacities if we are to understand how things
behave.

Cartwright’s criticisms were primarily directed towards the assump-
tion that laws are universally applicable to all domains. Contrary to
this claim, Cartwright argued that unless we have a model for a law,
which provides correct predictions within experimental tests, then we
do not have an empirical basis for the belief that the law applies. For
example, on Cartwright’s account, whereas we have good reasons to
believe that Newton’s Second Law of Motion may well be applicable to
the motion of a gyroscope in space, because we have an accurate
model for this, we have no such model for accurately calculating net
forces on a banknote blowing in the wind, and, consequently, the
belief that Newton’s Second Law applies in merely the prejudice of a
fundamentalist. In the absence of an empirically adequate model for
the phenomenon then we have no empirically based reason to think
that Newton’s Second Law applies to the movements of a banknote in
the wind. Her point is that if the situation is too complex to model and
experimentally reproduce as a normative machine then we cannot
know whether this abstract law is relevant or there is a different law
describing different capacities in that situation. The law and model are
both empirically limited to the case of the nomological machine in
question and, hence, we do not have any a priori reason to claim that
the law applies beyond this machine (or set of machines). Cartwright
demanded that, if we aim to be empirical, that we should reject the
validity of the fundamentalists’ extension of the remit of the law to
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particular complicated situations for which we lack any empirically
adequate model, and we should accept the patchwork and discon-
tinuous nature of the Universe open to scientific investigation. How-
ever, even though Cartwright raised some interesting critical points
about the ontology disclosed by experimental physics, her argument
neglected to address the concept of “mechanism” and the use of such a
concept in extending and combining the models used in the labora-
tory to the wider world. Such a concept is essential to connect the
nomological machine with the complex phenomena of the natural
world. Cartwright neglected to explain the rationale of using nomo-
logical machines to explore natural phenomena because she did not
explain how experimenters connect their efforts in the artificial cir-
cumstances of the laboratory to the phenomena of the natural world.
Her interpretation of science is unable to explain the scientists’ ra-
tionale for using experimental normative machines to explore complex
phenomena that they claim to pre-exist their efforts to explore them.
As Bhaskar argued, a concept of “mechanism” is essential to connect
the closed system of the empirical regularity producing experiment
with the open system of the natural world because, without such a
concept, the classification of experimental physics as a natural science
is completely unintelligible and arbitrary. Without a concept of “mech-
anism”, scientists would be unable to explain how the empirical regu-
larities were produced during an experiment, either in terms of
tendencies or capacities, nor would they be able to extend those ex-
planations to the natural world. The intelligibility of any model is
independent from its truth-status; the ability of physicists to bring
transformative powers into the world does not logically support the
truth-status of their causal accounts. Unfortunately for Cartwright’s
whole argument, it does not follow from the fact that predictable
models are empirically limited to machine performances of particular
machine-kinds, or nomological machines, that the Universe is shown
to actually be a patchwork of such machines and that physicists should
not treat natural laws as universal. Instead, Cartwright’s analysis of
experimental science reveals the extent that empiricism is an inade-
quate philosophy of science and that the natural science of experimen-
tal physics is not actually an empirical science (in the positivistic
sense).

However, it does not immediately follow from pragmatic successes
using particular theoretical understanding and prediction of the empir-
ical results of an experiment, given in terms of particular mechanisms,
that any such mechanisms exists independently from the particular
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experiments they are used to explain and predict. There is always the
possibility that at the empirical level two different theories can agree
but utilise different theoretical entities and mechanisms. This plurality
suggests that there are not any necessary relations between any
explanatory intelligibility, predictive success, and objective truth. It is
possible that through trial and error, using theories only as a heuristic
resource, we could eventually build a device that provides new powers.
It is possible that we could build that device without understanding
how it works, or we could build that device using one theory and sub-
sequently completely re-evaluate our theoretical understanding of that
device according to another theory. As Bas van Fraassen argued, many
theoretical entities, utilised in past theories, have become merely of
historical interest whereas the empirical knowledge those theories have
produced have often remained.20 Newtonian absolute space and time
have been replaced with the Einstein’s relative space-time as a theoret-
ical entity due to the empirical inadequacy of Newton’s theories of
motion and gravitation. Yet much of the empirical adequacy, which
Newton’s theories produced, remains and is also obtainable using the
more empirically adequate Einstein’s theory. If past theories have been
shown to be empirically inadequate then this provides a good reason
to suppose that current theories will be shown to be empirically in-
adequate in the future, and the literal truth of any theory does not
follow from the current empirical adequacy of that theory. It is a
logical possibility that Einstein’s theory will be in turn replaced with a
more empirically adequate theory that will use different theoretical
entities. Even if we accept that scientific theories are progressing in
their empirical accuracy, predictive power, explanatory success, and
productivity of new phenomena, this still does not provide us with any
certainty that the theories that are being currently used by working
scientists will not be replaced by subsequent theories. In fact, this
acceptance of the progress of scientific knowledge prohibits any such
certainty. As a consequence of this, van Fraassen argued that it logi-
cally follows from such a prohibition that not only is there reasonable
doubt in the theory-independence of unobservable entities, but also
that there is no pre-requisite for any isomorphism between the struc-
tures of a theory and the structures of the object of that theory, for it
to be successful at an empirical level.

The epistemological standard for any adequate scientific theory is
whether it matches empirical appearances, and this evaluation is made
independently of its ontological commitments. Hence, van Fraassen
rejected scientific realism and its ontological commitments in favour of
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that given as a matter of direct observational experience. This involves
adopting the traditional empiricist scepticism regarding the existence
of any objective causes or entities that are not apparent as actually
observable phenomena. Scientific theories arise through competitive
social processes in which only the successful theories emerge and we
should not be surprised at the predictive and descriptive successes of
current scientific theories. These theories are latched onto observed
regularities in Nature.21 Furthermore, he claimed that the demand for
causal explanations should not play an epistemological role in “the
scientific enterprise”.22 He adopted the instrumentalist line that the
best that physicists could legitimately claim to achieve are empirically
adequate descriptions, predictive success, and manipulative control.
The best that physicists can achieve, if the evidence is in favour of that
theory, is that the evidence suggests that things behave as if unobserv-
able theoretical entities existed. This does not support any claim that
those entities exist and physicists should rest content with saving phe-
nomenal appearances and reject all explanatory causal-accounts, the
notion of objective Nature, and claims concerning the existence of
unobservable entities. Allegedly, objective and mind-independent
reality is, by definition, beyond the capacities of human understanding
and, therefore, the task of producing a complete and correct theory of
objective reality is an impossible one.23 The physicist should be
content to adequately describe phenomenal appearances by producing
abstract formalisms and sets of equations that successfully predict
observational results. Explanatory causal-accounts amount to nothing
more than fictions.

Empirical approaches such as van Fraassen’s maintain that there is a
clear distinction between description and explanation. Explanatory
theories aim to represent “the causes” of experience, whereas empirical
descriptions aim to represent, clarify, and structure experience. The
“world of our experience” is irreducible to causal explanations and
consequently there is not any necessary connection between any
causal account and our experience of the world.24 Hence, for the
empiricist, the indubitable facts of experience have an epistemological
primacy over causal explanations. For example, our experience of the
world contains phenomena such as blue skies on clear summertime
days. How would a physicist explain such a phenomenon? How would
a physicist explain the experience of seeing the colour blue to someone
who had been blind since birth? Let us assume that the blind person is
conversant in the language of modern physics. The physicist could
explain the eye in terms of an optical device. S/he could explain how
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electromagnetic waves of a particular wavelength radiate from the sun,
are refracted and scattered by particles in the atmosphere, are focused
onto the retina by the lens of the eye, stimulate the rods and the cones
of the retina, and are transformed into electromagnetic pulses in the
optic nerves. S/he could then explain how these electromagnetic pulses
travel through the optic nerves, travel through a network of nerves
leading to the brain, generate electrochemical process in the brain’s
network of neurones, and are finally processed by the brain as the
colour blue. Let us assume that whatever theory or model the physicist
utters is empirically adequate to the extent that its derivative resultant
would be that the sky on a clear day (quantified in terms of humidity,
pressure, and temperature) would have the colour blue (quantified in
terms of wavelength). Let us also assume that the blind person per-
fectly understands the physicist’s explanation of how the eye and brain
processes differences in wavelength. But does the blind person know,
on the basis of this explanation, what an experience of the colour blue
is? There is one essential characteristic of the colour blue that is
missing from the physicist’s description of blue. That essential charac-
teristic is the quality of clear daytime sky, the blueness, which is imme-
diately experienced by all people who are able to see it. The blind
person will, from the physicist’s explanation, have no idea whatsoever
of what the experience of seeing the colour blue is, nor that there is
even the possibility of experiencing blueness. The blind person would
have no more idea of the experience of looking at the sky and experi-
encing blueness, as a result of the physicist’s explanation, than s/he
did at the onset. The physicist could talk of atoms, electrons, photons,
matter, ions, radiation, wavelengths, refraction, the spectrum, prisms,
electromagnetism, oscillations, coupling-constants, resonance, or
whatever, but would be unable to introduce the quality of blueness
into her/his explanation. Of course, the physicist could attempt to
explain away the blueness of the sky on a clear day as a subjective illu-
sion, but any arguments against the fact of the blueness of the clear
daytime sky require assumptions and premises that would be more
suspect than the indubitable experience of blueness. Blueness remains
surplus to the physicist’s explanations of the colour blue. It lies outside
the language of physics and remains undeniably residua to any attempt
to explain it away. The same is also true of all the qualia that are char-
acteristic of the lived-world of human experience.

The empiricists’ point is not that human experience is an existential
condition for the existence of the world, but, rather, that what we can
legitimately say about the world is limited by what we know about that
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world based on experience. If descriptions and explanations of experi-
ence are independent from one another then we cannot claim to have
knowledge of causes based upon knowledge of the facts of experience.
Hence the realist ontology of science is not supported by the empiricist
epistemology of science. However, studies of the behaviour of familiar
objects, at most, constitute starting points for experimental physics.
The majority of experimental work in experimental physics involves
the investigation of phenomena of which we have no direct experience
whatsoever. The studies of the majority of the phenomena investigated
by the studies of mechanics, thermodynamics, electromagnetism,
radioactivity, solid-state physics, and quantum physics involves the
interpretation of the performances of machines and instruments. We 
only have experience of the numerical and analogue readings on cali-
brated meters, oscilloscopes, graph plotters, gauges, computer displays,
and other instruments. However, these experiences are not direct
sensory experiences. We need the mediation of technical education
before we can make sense of our direct sensory experiences of instru-
ments. Each instrument is calibrated using technical entities (such as
potential difference, time-signals, inductance, capacitance, thermal
capacity, electrical resistance, phase, frequency, mass, magnetic field
strength, force, harmonics, electric charge, power, etc.,) quantified in
terms of arbitrary SI units (such as kilograms, metres, candelas,
seconds, amperes, moles, radians, kelvins, newtons, coulombs, tesla,
watts, etc.) These technical entities and calibration units are meaning-
less outside of the theoretical and technological frameworks in which
they occur. By claiming that measurement using such instruments pro-
vides direct experience, the empiricist merely has passively accepted
the stable results of an historical struggle of technological and theoret-
ical efforts, and the current state of instrumentation, education, and
interpretation as givens. The empiricist has neglected the role that the-
ories and causal-accounts, involving theoretical and technical entities,
have had in the construction of those instruments and their interpreta-
tion. For example, the observation of the empirical regularity that hot
objects in a cooler environment cool down, and cold objects in a
warmer environment warm up, (formally abstracted and universalised
as the Zeroeth Law of Thermodynamics) constitutes an almost trivial
starting point for the study of thermodynamics. The physicist wants to
know why this empirical regularity occurs. There is a big imaginative
step from this “empirical regularity” and an interpretation of it in
terms of flowing heat. An even greater imaginative leap is required to
quantify heat and construct an apparatus to measure the conservation
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of that heat flow. On van Fraassen’s account, it is hard to see how ther-
modynamics could have progressed from the Zeroeth to the First Law,
let alone how the Second Law, with its esoteric definitions of work and
entropy, could be part of “the scientific enterprise”. If we were to
describe the objects of investigation and theories as fictions, as does
van Fraassen, that are instrumentally used to interpret the empirical
facts of measurement, we would still require theoretical training and
interpretation in order to ascertain what the empirical facts of
measurement were (in all but the most trivial of experiments.)

Entities such as potential differences are no more, nor less, fictional
than entities such as electromagnetic fields, given the fact that we have
no direct experience of either and both are only meaningful within
theoretical interpretations. The former are only considered to be more
concrete than the latter on the basis of a passive and uncritical accep-
tance of past theoretical interpretations used to build the apparatus
and an arbitrary scepticism about theoretical interpretations used to
interpret the performance of the apparatus. If we were to consistently
adopt van Fraassen’s empiricism then experimental physics would be a
process of instrumentally using fictional entities to investigate other
fictional entities. If the measurable variables used to produce descrip-
tions in physics were not made in reference to “objective properties”
then it would be pointless to map out the empirical variation of the
fictional entities used to make measurements intelligible against the
fictional entities used to make observations intelligible. The empirical
adequacy of any laws that would be produced through such a process
would be the pointless interrelation of different kinds of fictional enti-
ties. Modern experimental physics could not be grounded on “con-
structive empiricism” and physicists would not rest content with it. As
J.K. Feibleman pointed out, modern experimental physics is not empir-
ical in the philosophical sense; a physicist does not rely upon direct
experience but investigates the disclosure of interpreted instrumenta-
tion to direct experience.25 An intelligible account of physics must
provide an account of how this disclosure is possible and how it is
achieved. Empiricists cannot provide us with an account of how obser-
vations of using instruments are obtained because they cannot con-
sider the technical reasoning (made in terms of theoretical entities and
causal-accounts) used in the interpretation of measuring instruments
and experimental apparatus, as scientific. Thus they either cannot
provide a meaningful account of observation within experimental
physics in terms of scientific facts, or it is only able to provide accounts
of observation by arbitrarily, passively, and uncritically accepting
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particular technical interpretations of particular measuring devices as
given.

Causal-accounts, in terms of theoretical entities and mechanisms, are
central to the interpretation of the possibilities of experimental appara-
tus and measuring instruments during their design, construction, oper-
ation, and interpretation. Any causal-account is, at least in part, an
explanation. Modern experimental physics could not proceed without
them and any physicist who considers him or her self to be an empiri-
cist (in van Fraassen’s sense) has disingenuously presupposed realist
interpretations in the design, construction, and operation of their
experiments. A physicist uses causal accounts to construct an apparatus
that relates variables and s/he cannot operate experimentally by
restricting the technological discourse to the level of “when substance
A is placed near the Geiger counter the current output increases by B”
when designing the experiment in the first place. S/he utilises a dis-
course at the level of “if radioactive material emits energy sufficient to
ionise a gas then this will be manifested as a current across a sealed
tube with a voltage across it. Therefore we can build a device to
measure levels of radiation.” The capacity of physicists to construct
experiments is dependent upon such causal accounts. Constraining
“the empirical” to the confines of the laboratory, as orthodox empirical
accounts of science have done, as a means to verify or falsify theories
by testing their predictions and deductions, still does not provide us
with an account of how those experiments are constructed. Empiricism
tends to only account for experimentation in terms of a ready-made
procedure of measurement, without any justification of that procedure,
because it has neglected to attend to the role of technology in experi-
mentation. Not only do observations actively occur in the light of the-
ories, within theoretical frameworks or paradigms, using concepts,
visualizations and construals, but also theoretical accounts are implicit
in the design, construction, operation, and interpretation of the instru-
ments and apparatus used to make those observations. The theories
and practices of modern physics presuppose representations of the
“causes” of experience in their descriptions of the phenomena of expe-
rience because they require interpretations of the experimental appara-
tus and measuring instruments in terms of causal explanations. Once
we recognise that the descriptions produced by modern physics make
reference to and utilise causal explanations, then we must also recog-
nise that experimental physicists, whether or not they realise it, need
to presuppose scientific realism at some level. Van Fraassen’s a priori
rejection of the role that causal accounts play in “the scientific enter-
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prise” of modern experimental physics prevented him from producing
an intelligible account of physics. By asserting that sensory observation
founds all genuine knowledge, by presuming that only those state-
ments that are derived from experience are legitimate or scientific, the
positivist has neglected to attend to the ways that experiences and the
means of their production are constructed. What is the phenomeno-
logical character and ontological status of the phenomena explored by
making experimental machines to disclose them? In order to question
their ontological status, we need to examine the complex relationships
that occur, through the interface of measuring instruments and experi-
mental apparatus, between experience and technical causal accounts.
How are these technical accounts used to make experience? 

A robust and clear distinction between explanation and description
is not apparent in actual experimental work. Empiricism cannot
provide an account of the feedback processes between scientific theo-
ries, technical accounts, the construction of experiments, and experi-
ence. It is unable to do this because it is premised upon completed
knowledge, reasoning, techniques, experiments, and experiences. It is
unable to cope with novel (or revolutionary) experiments and cannot
explain how and why experiments were constructed in particular ways.
Classical empiricism fails because the technological environment of
the laboratory is unintelligible to primitive experience. Scientific
instrumentation is a meaningless maelstrom of flashing lights, moving
pointers, digital displays, graphs, and readouts to the uninitiated.
Technological discourse is required to construct a meaningful experi-
ence of experimental apparatus and instruments. There is nothing
primitive about voltages, time signals, amplitudes, temperatures, and
pressures. Empiricism cannot explain how theoretical entities “tran-
scend” neither the particular contexts of their production or use. It also
cannot explain how predictive success is possible. This is also the
central problem with van Fraassen’s constructive empiricism. It is
unable to explain how theories based upon fictional entities can
provide predictive success and facilitate manipulative control at all. If
electrons and photons are merely fictional entities then how can
instrumentalism explain the incredible predictive accuracy of
Quantum Electrodynamics? Furthermore, if theoretical entities do not
have any transfactuality then the validity of any theoretical entity is
restricted to its utility within the context of its use. When physicists
experiment on electrons in electric circuits they are not operating with
the same kind of electrons “annihilated” in the LEP ring at CERN,
those “deflected” in Thompson’s cathode ray tube experiment, those
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“suspended” in Millikan’s oil drop experiment, or those “sprayed” on
Morpurgo’s mobidium spheres to detect free quarks. Van Fraassen is
unable to explain how these physicists are able to use the same theo-
ries, say QED, Special Relativity, or Maxwell’s equations, in these dis-
tinct contexts and by limiting knowledge to the empirical, it is unable
to legitimately transcend and unify the particularities of experiences.
Furthermore, van Fraassen cannot consistently provide an account of
how physicists fail to successfully perform experiments according to
theoretical expectations – except by asserting that it is only a matter of
time before all theories demonstrate their empirical inadequacy. Given
that Morpurgo’s famous experiment to attempt to find free-quarks was
a project that utilised fictional entities, electrons and electromagnetic
fields, to attempt to find other fictional entities, namely free-quarks,
then there does not seem to be any source of resistance to its success. If
the proper use and identity of theoretical entities is completely deter-
mined in context then there is nothing to prevent a physicist, in that
context, from achieving success. One need only instrumentally recon-
struct the meaning of the performance of the apparatus according 
to one’s intentions within that context. Other physicists, in other
contexts could not object to this because one could merely argue 
that they were using the terms “electron”, “electromagnetic field”, and
“free-quark” differently within different contexts, and that anyone
who failed to repeat the observation merely had failed to re-construct
the context of use. Yet Morpurgo did not observe any indication of the
existence of free-quarks during his twenty-five year search for them.
Any intelligible account of experimental physics must provide an
account of how theoretical entities achieve transfactuality and also
how experiments fail to perform according to theoretical expectations. 

In general, if we accept that the use of causal accounts is an essential
part of designing and building apparatus in experimental physics, then
empiricism, by rejecting the possibility of the knowledge of causes,
cannot provide an intelligible account of how and why novel experi-
ments are constructed and performed. Experimentation is based on
planned action, selections, and decisions within the context of the
innovation and ordering of material and theoretical practices. It is a
social and interactive process in which experiences are made through
deliberated material practices rather than passively received. Positivism
is unable to deal with the processes of constructing novel experiences
of novel phenomena because it is unable to account for the ways that
novel material, communication, and visualization practices are con-
structed when dealing with novel phenomena, nor can it provide 
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an account about how novel experiments can be constructed in the
absence of an established theory. It fails to recognise that exploration
in experimental work requires speculative and constructive processes of
visualization and communication that cannot be reduced to logical or
empirical statements.26 By reducing physics to the systematic logical
ordering of our sensory experiences, positivism restricts “facts” to be
statements of our immediate experiences made in terms of already
given language. Thus it is impossible for us to add any fact that cannot
be expressed and logically analysed in terms of already given language.
It is impossible for positivists to explain how novel experiences could
be constructed in terms of novel expression because the restriction that
they place upon legitimacy and intelligibility would not allow the
processes involved in the construction of novel expression to begin.
Thus positivism cannot account for scientific change nor can it
account for how experimental physics began in the first place, and, 
as a consequence, novel experimental research programs could not
proceed according to a rigid positivistic conception. It is only able to
provide a conception of experimental physics during its Kuhnian
“normal science” phase. Positivism, by uncritically making its appeals
to “the authority of scientific experience”, rests upon a reactionary and
conservative appeal to already completed scientific results.27 Novel
phenomena require new concepts in order to have new experiences,
and the application of new concepts implies speculative metaphysical
assumptions regarding the nature of the phenomena.

Positivists presume that physics has a logical and empirical character
that is divorced from metaphysics. Empiricists, positivists, and instru-
mentalists reject metaphysics as either nonsense or unverifiable because,
by positivistic definition, metaphysics is taken to lack any empirical
content. How can positivism reject metaphysics and affirm the physi-
cists’ claim to discover or use unobservable entities, laws, or mecha-
nisms? It cannot. A positivistic interpretation of physics is a rejection of
the validity of such claims and, as a consequence, must reject the epis-
temological validity of experimental physics. Furthermore, as Popper
noted, various speculative metaphysical beliefs, such as Kepler’s harmon-
ics of the geometry of the planetary orbits about the Sun, have lead 
to significant advances in theory.28 History provides many examples,
such as seventeenth century atomism, that were untestable using the
technologies available at the time. As Popper put it:

“… [There] is a least one philosophical problem in which all think-
ing men are interested. It is the problem of cosmology: the problem
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of understanding the world – including ourselves, and our knowledge, as
part of the world. All science is cosmology… it is a fact that meta-
physical ideas – and therefore philosophical ideas – have been of the
greatest importance for cosmology. From Thales to Einstein, from
ancient atomism to Descartes’ speculation about matter, from the
speculations of Gilbert and Newton and Leibniz and Boscovic about
forces to those of Faraday and Einstein about fields of forces, meta-
physical ideas have shown the way.”29

In Popper’s terms these theories remained metaphysical (i.e. specula-
tive and unfalsifiable) until the innovation of technological means by
which they could be tested. The demarcation between a metaphysical
theory and a scientific theory, in these cases, is one of historical acci-
dent and yet the role that they played in the development of science
was often significant prior to the innovation of the means to test them.
By rejecting metaphysics, positivists have amputated a significant
source of scientific speculation and have rejected the validity of the
narrative aspect of scientific theorising. This narrative aspect, as a kind
of story telling, is a cultural phenomenon that attempts to situate
human beings within a world-picture. In all cultures, human beings
have told stories about how the world came to be. This active social
and psychological construction of narrative about reality is a part of
what it is to be human. Scientists qua human beings are no different in
this respect. Positivists have made a crucial error by rejecting this
essential aspect of science as scientifically legitimate. The importance
of intelligible explanations for the acceptance of scientific theories
cannot be easily dismissed. Although it always remains possible that 
a scientific explanation may be replaced at some future date with
another explanation, this still does not discredit the claim that physi-
cists seek explanations. Even though it may well be an important part
of any explanation that it is taken to be (at least tentatively) literally
true it is not actually necessary that it is true for it to qualify as an
explanation. The fact that an explanation is intelligible says nothing
about its truth. Lies are a good example of this in everyday social life.
After all, who would believe an unintelligible lie? Intelligibility is
essential for any intentional deception to be effective. This is also the
case for any honest attempt to explain a phenomenon because even
though it is necessary that any explanation must be intelligible it may
be true or false and still be intelligible. For example, nineteenth
century physicists found the explanation of light as electromagnetic
waves moving through aether to be intelligible despite the lack of evi-
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dence for it. Its potential to make the motion of light intelligible was
independent of its truth. Of course, to some extent theories must “fit
the facts” in order to be widely acceptable, but if a theory does not
explain “the facts” then it is an unsatisfactory theory because physi-
cists seek to explain the existence of such phenomena in terms of the
same causal accounts they develop and use to design, build, operate,
interpret, and modify the machine performances that are intentionally
produced to model natural phenomena. The explanatory power of
scientific model, theories, and laws to provide intelligible explanations
of phenomena in the complex real world is central to the whole
process of establishing the intelligibility of natural science. The fact
that working scientists are unable to predict the behaviour of natural
phenomena, such as lightning, does not mean that they are unable to
explain lightning in terms of the laws of electromagnetism, thermody-
namics, mechanics, and optics. Physicists remain content to consider
the phenomenon of a lightning storm to be explained even though
they are unable to predict the behaviour of such a complex natural
phenomenon. In fact, the “complexity” of such phenomena is itself
postulated to explain their inability to accurately predict weather in
general. The intelligibility of any model is independent from its truth-
status, the ability of physicists to bring transformative powers into 
the world does not logically support the truth-status of their causal
accounts.

The history of physics has witnessed the establishment of numerous
“empirical laws”, such as Newton’s Universal Law of Gravitation,
Boyle’s Law for Ideal Gases, Ohm’s Law of Electrical Resistance, and
Ryberg’s Empirical Law for Spectral Lines. These laws only suggested
that there was a simple relationship at work in complex phenomena,
but they did not explain why it had that form. Newton found his own
law quite unsatisfactory in this respect. Physicists, such as Leibniz,
Boltzmann, and Bohr, were driven to find a theory, or model, that not
only matched the “empirical laws” but also explained that model 
in terms of fundamental entities and causal mechanisms. It seems 
that causal explanation has been essential to the historical develop-
ment of scientific theories.30 Furthermore, given that the content of
these explanations are in terms of mechanisms, or causal accounts,
then these explanations can take a functional role in scientific reason-
ing during the construction of further experiments. This gives physics
an exploratory and developmental trajectory. It was for this reason that
Charles Sanders Peirce criticised the empiricist assumption that accu-
rate measurement was the essence of science because, as he put it, in
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novel experimental work measurements “fall behind the accuracy of
bank accounts” and the determination of physical constants was
“about on a par with an upholsterer’s measurements of carpets and
curtains.”31 The motivation to provide causal explanations of the phe-
nomena of the experienced world is irreducible to the practical techno-
logical interest in the deduction of predictions. It is an attempt to
satisfy a basic human desire to explain and unify otherwise disparate
experiences in terms of fundamental principles and causes. The
purpose of measurement goes beyond testing the deductions of theo-
ries. It is a route by which hitherto unexpected novel mechanisms
could be discovered. Instrumentalism, like positivism and empiricism,
fails to recognise that an important goal of physics is to produce
explanatory theories that describe the law-like behaviour of the causal
agents that lead to the phenomena of experience. It seems that
working scientists tend to take some of their theories very literally
indeed. The aim of theorising is not just a matter of achieving empiri-
cal accuracy, or predictive success. It is also a matter of using technical
causal accounts to explain how to design, build, operate, and interpret
machines in the production and explanation of novel phenomena of
experience. From its onset, it has limited itself to using mathematical
theories to describe the law-like behaviour of machine performances. It
tests the “empirical adequacy” of its mathematical theories against
measurements produced using instruments designed by using mech-
anistic causal accounts. As such, physics is implicitly an attempt to
explain measurements and interventions in terms of causal mechanism
and, hence, is a metaphysical, technological, and an inherently realist
enterprise proposed to discover the ontology of the causes of phenom-
ena and it cannot be considered to be based upon an empiricist epis-
temology. Experimental physics is not an empirical science in van
Fraassen’s positivistic sense.

Bhaskar’s transcendental argument

Bhaskar claimed that a scientific realist interpretation of experimental
science is necessary because only a scientific realist interpretation can
make experimental science intelligible as an activity. Bhaskar described
this interpretation as a transcendental argument because it is based on
the question “what must be true in order for ‘x’ to be possible?” where
‘x’ is taken to be some self-evident fact about existence. Such argu-
ments are premised upon facts regarding the evident (or actual) and
conclude that there is a “more fundamental something” that is a con-
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dition for the possibility of these evidences (or actualities). Bhaskar
started from the premise that experimentation occurs in science and
asked what must the world be like in order for this practice to be intel-
ligible. His question was: what makes scientific experiments possible?
His answer was a transcendental argument based on the following
premises:

(i) Scientific experimentation exists,
(ii) Experiments are physical and not just mental, 
(iii) Experiments involve causal interactions with the material world, 
(iv) Causal interaction is only possible because we are embodied

beings,
(v) As embodied beings, we are subject to the same laws that govern

the material world.

He presupposed that there are laws that govern the material world. His
conclusion was that the same laws that govern the material world
govern experiments. That conclusion presupposed conceptions of what
human beings are and what the world is comprised of. It is a statement
of a realist interpretation of science and an expression of the spirit of
the enterprise of experimental science. However, as Bhaskar pointed
out, there may well be alternative transcendental arguments that ex-
plain the same thing differently and possibly better.32 Bhaskar offered
us an alternative as an example. His alternative transcendental realist
argument for a realist interpretation of science ran along the lines:

(1) Science exists; 
(2) Science discovers underlying mechanisms; 
(3) If there were no underlying mechanisms then science would not

be possible.

He concluded that there are underlying mechanisms. Of course, even 
if we accept premises (1) and (2) it does not follow that the “under-
lying mechanisms” discovered by science are in fact “natural mech-
anisms”. Bhaskar’s argument presupposed mechanical realism from the
onset and, yet, it is a metaphysics that he does not address. Bhaskar’s
argument is a statement of allegiance. His assumption of the necessity
of a realist interpretation of experimentation for the intelligibility 
of science is based upon an appeal to the “internal rationale” of ex-
perimental physicists. By taking this “internal rationale” of experimen-
tal science as the only intelligible rationale, Bhaskar has conflated
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intentionality with actuality. This is a fatal move for a realist argu-
ment. It must be a criterion for any realist position that, in any prac-
tice, the intentions of the practitioners could be at odds with the
actuality of those practices. It must be possible for someone to think
that they are doing one thing when, in truth, they are doing some-
thing else. Otherwise no one could ever be fallible. Furthermore, given
a plurality of available interpretations of any set of practices, there is a
sufficient degree of ambiguity for those practices to be taken as success-
ful by the practitioners whilst being seen as otherwise by the uniniti-
ated. It is possible that experimental scientists could intend to reveal
natural mechanisms but only produce artificial mechanisms. It is only
necessary, for the continuance of the practice of experimental science
to be internally intelligible, that the practitioners interpret the artificial
mechanisms that they produce to be natural mechanisms. We only
need to show the process by which this interpretation is made and it is
externally intelligible as well. We do not need to accept that any
“internal rationale” is justified by the continuance of the practices. For
example, many religions have been practised for thousands of years. Is
it the only intelligible explanation of the existence and continuance of
any particularly long-lived religion that it must be based upon truth? If
we were to adopt Bhaskar’s style of argumentation then we would have
to accept that it was. After all, the devotee, no doubt, would claim that
their material practices were based upon the truth of their beliefs
regarding the significance of those practices. Rituals of purification,
healing, exorcism, or for the dead would be a good example of material
practices combined with beliefs about the worldly (as well as other-
worldly) significance of these practices. Many religious practices are
embodied theories that appeal to some kind of intransitive cosmic
order and that acting in accordance with that order will bring worldly
powers and material benefits. Many devotees claim that their practices
are successful. 

However, non-believers would readily claim that those practices were
based upon cultural conventions, authorities, social power structures,
and traditions, etc. We could argue that religion has maintained its
existence through the maintenance of certain social structures, powers,
and beliefs, and find it intelligible despite the “false consciousness” we
have ascribed to its practitioners. We could equally argue this way
about the conditions for the existence of experimental physics and
make it intelligible. It depends upon the maintenance of certain social
structures, powers, and beliefs. We do not need to accept the authority
of either set of social structures, powers, and beliefs, to make either reli-
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gion or physics intelligible. A similar argument could be made against
Hacking’s famous confession to be a realist about electrons because
physicists claimed to spray them on mobidium spheres in the search
for free quarks. It seems to me that Hacking should also be a realist
about spirits because witch doctors claim to use them to heal the sick.
After all, forms of shamanism have existed for much longer than
experimental physics, and, many people claim to have been healed by
spirits. By both Bhaskar and Hacking’s standards, the endurance of a
practice is a criterion for its truth and its continuance would be unin-
telligible if it was not successful. Bhaskar’s transcendental arguments
presume that experimental science is only intelligible as an enduring
human activity if real causal mechanisms exist independently of
science. It supposedly follows from the fact that science exists, endures,
and is intelligible, that real causal mechanisms must exist inde-
pendently from experimental science. One can imagine an analogous
transcendental argument for a realist theory of shamanism:

(i) Shamanism exists; 
(ii) It aims to achieve knowledge of, and access to, a spirit world for

purposes of healing the sick, exorcising evil spirits, etc.; 
(iii) It would not be intelligible as an existent set of practices, if it per-

sists and does not actually achieve what its practitioners claimed
that it did;

Presumably we should conclude that shamanism must necessarily
achieve knowledge of, and access to, a spirit world that exists indepen-
dently of shamanic practices. However, this argument, like Bhaskar’s
“transcendental argument”, is circular. It begs the question. It is a
petitio principii because it presumes its conclusion: that the practitioners
actually achieve what they intend to achieve. 

However, even if we accept that it follows from Bhaskar’s argument
that real causal mechanisms exist and are discovered by experimental
science, we still need additional work to determine whether they are
natural or not. It does not follow from the fact that a generative mech-
anism exists that it is a natural mechanism. It requires a presumption
of mechanical realism to make this leap. My argument in this book is
that it is equally intelligible that such mechanisms are complex indices
for particular interactions for the human interventions and machine
performances that are created by experimentation. As I shall argue, this
creative process is analysable as a non-linear technological process 
and mechanisms are understood as abstract indices for the ongoing
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juxtaposition, interconnection, and unification of otherwise heteroge-
neous productive agents. Experimentation is a labour process that is
not possible without human participation and is not completely under
the control of the experimenters. I shall discuss the complicated
processes of constructing and interpreting machine performances in
experimental physics in detail throughout the rest of this book, but my
argument is straightforward. Production is not purely an individual
human activity. Individuals have no productive capacities whatsoever.
We must engage in disciplined practices with tools, machines, materi-
als, and other people, in order to have any productive capacities at all.
We must relinquish any possibility of absolute control to become pro-
ductively empowered human beings. An experimental physicist does
not have absolute control of the processes by which s/he performs an
experiment. S/he must learn techniques and skills to become disci-
plined and be able to perform the technological practices required to
design, build, operate, and interpret experiments. S/he is empowered as
an agent by embodying these technological practices. Her/his inten-
tions and actions are organised and directed through a technological
framework in which s/he is situated as an agent. This technological
framework has its own history of innovation and development.
Furthermore, due to the plurality of possibilities inherent to all experi-
ments (otherwise there would not be an experiment), the challenge 
for experimentation is to explore the productive possibilities of inno-
vation. In order to be able to build, use, and interpret, experimental
apparatus, any human agent needs responsive to the pluralistic, incom-
plete, open-ended character of innovation. This involves relinquishing
absolute control over his/her agency during a participatory relation to
the performance of the apparatus. The human subject is empowered
and de-centred by this participatory relation in a context in which the
determination of the final possibilities of any experiment is perpetually
deferred to the future. Bhaskar claimed that any adequate philosophy
of science must grapple with “the central paradox of science” that
science is a social product that is concerned with the “knowledge of
things that are not produced by men at all.”33 It is my intention to cut
through the Gordian knot of this “paradox”. My claim is that it is the
divergence of the centre of the technological framework from the indi-
vidual human agent, and the dependence of this framework upon
human participation, which presents “the paradox” that the objects of
production are a social product and yet not completely controlled by
human beings. There is, in fact, no paradox at all if we do not assume
that the technological is simply “man made”. Unless human agents
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had thought that technological means could discover natural mech-
anisms then there would not be any experimental sciences. The objects
produced through scientific activity depend upon scientific thought 
as a condition of their existence. However, as objects produced in tech-
nological contexts, their behaviours are not controlled by scientific
thought. The behaviours of these objects are dependent upon and
structured by the technological process of experimental science. There
is nothing more or less mysterious about this than any creative act of
making or material practice (e.g. composing a piece of music or invent-
ing a novel dance). Experimental science is a creative labour process
that involves the innovation, description, and explanation of machine
performance in non-linear, changing, and complex contexts. This
labour process depends on scientific thought as a condition of its exis-
tence and is, in part, characterised by scientific thought, but it is not
controlled by scientific thought. Technological objects are made within
the historical innovation and development of heterogeneous agents
into unified technological frameworks. Experimental sciences are com-
plex artificial processes and, therefore, any adequate philosophy of
experimental science must grapple with the question: what is the
artificial? Bhaskar has presumed that the answer to this question is
simply “man made” and, consequently, he is confronted by a paradox
that he can only resolve by assuming mechanical realism or consider-
ing experimental physics to be impossible.

Bhaskar’s transcendental argument is committed to mechanical
realism because he identified the necessary objects of experimentation
to be “natural mechanisms” that exist independently of any experi-
ment, whilst remaining capable of being produced within the closed
system of the experiment. However, the general ontological conclusion
that he derived from his interpretation of scientific practices as being
rational and successful begs the question. It is the concept of the ratio-
nality of any scientific growth or change that is at stake for any scientific
realist interpretation to get off the ground. An interpretation of physics
is not inherently flawed if it questions, or even rejects, any notion of
rational scientific inquiry. Anti-realist arguments cannot be criticised on
the basis that they do not sustain a concept of scientific rationality.
They are designed to undermine such a concept. The onus is upon
scientific realists to provide such a concept because without it there is
no rational basis for scientific realism. To criticise anti-realist interpreta-
tions of science because they do not provide the basis for a scientific
realist interpretation is an unreasonable criticism. Bhaskar is not the
only scientific realist who has made such an unreasonable criticism of
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anti-realist interpretations of experimental science. Christopher Norris,
for example, based his whole critical realist argument against positivist
and anti-realist interpretations of quantum mechanics on the premise
that anti-realist interpretations of quantum theory must be flawed
because they are not realist.34 In my view, Norris missed the anti-realists’
point about the limitations to what physicists can legitimately say on
the basis of quantum physics if they are to use the results of those exper-
iments to support their scientific epistemology. Furthermore, his argu-
ment begs the question. It would have been better if Norris had given an
account of how measurements are made within quantum physics and
shown that anti-realist interpretations of quantum theory, such as
Bohr’s interpretation, were premised upon a realist interpretation of the
construction of the experimental apparatus that provided the experi-
mental results that supported anti-realist interpretations. As I argued
above, empiricist interpretations of experimental physics presuppose a
realist interpretation of how and why the experiments were designed
and built in the first place. Furthermore, the construction of experi-
ments, such as the double-slit interference experiment, presupposes the
existence of entities such as electrons, and even if one adopts a positivis-
tic position regarding the ontological status of the measurable states of
an electron, the fact that such an experiment is said to demonstrate
wave-particle duality about electrons entails realist commitments. The
Copenhagen Interpretation of this experiment not only presupposed
that the quantum properties of such systems exist, but that they can 
be produced and observed utilising the properties of such devices as
cathodes and phosphorescent screens. Although we can account for
scientific change by locating the structures of change within the struc-
tures of social powers, once we take technology into account then we
can go further than that. It is possible to provide an interpretation of
rationality in experimental physics that allows technical growth and
change, within the productive contexts in which technical choices and
selections are made. A concept of “bounded technical rationality”, as
described in the previous chapter, sustains a notion of rational scientific
growth and change, without requiring any commitment to the truth of
scientific realism, providing that this concept is understood in the
context of its mechanical realist heritage. This provision does not
require any commitment to the truth of those precepts because we only
need to address their function within the establishment of the template
for subsequent scientific practices and its development. It does not
matter whether these precepts are true or not. All that matters is how
they function within the discursive and technological practices of ex-
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perimental physicists. This does not require the existence of natural 
laws or mechanisms as anything more than abstractions of sets of
discursive and technical indices for the dynamic interactions between
technological objects.

Bhaskar’s assertion that events are “categorically independent of
experience”, in order to reject the empirical definition of events in
terms of experience, is necessary but insufficient for a realist theory of
experimental physics. The realist needs to show that the means by
which events and experiences are produced within the laboratory are
also categorically independent. However, this “categorical indepen-
dence” is not apparent in real experimental physics. It is blurred by the
interplay between representations and interventions during the
ongoing work of disclosing novel phenomena and attempting to make
stable and communicable observational techniques. Of course, it does
not immediately follow from that absence of categorically independent
experience within experimentation that observation is subjective. An
accepted technique of measurement is required and events are deter-
mined from within the development of the technological framework of
the experiment to the extent that the experience of the phenomenon
in question is constructed in terms of a set of measurements and
responses. The phenomenon is defined by this set of measurements
and responses. Thus events and experiences are brought together
within the technological framework and they can only be taken as
categorically independent by making the technology involved trans-
parent. This is achieved by forgetting its history. Reference to an un-
observed event (e.g. the ionization of a gas as a sub-atomic particle
passes through it) is made via the connection between theoretical and
technical causal accounts in reference to an observed event (e.g. the
clicks of a Geiger counter). Bhaskar’s realism treats these two kinds 
of reference as if they were causally connected because he assumes a
tight and competent link between scientific observation and technical
causal accounts. He has uncritically accepted a causal connection
between the technical expertise and intentionality of scientists. So 
did Hacking. However, this assumption is inconsistent with both of
their theories of science. If one accepts that our knowledge of the
intransitive objects of experience is itself transitive, as Bhaskar does,
then we cannot assume that there is a tight and competent link
between technical causal accounts and interpretations of the event. If
our interpretations change, which both Bhaskar and Hacking affirmed,
and our skill at making interpretations improves, which both Bhaskar
and Hacking asserted, then we cannot, at any stage, assume that our
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current interpretations are correct and, therefore, we must address the
interplay between experience, events, and explanations.

When Bhaskar claimed that he has presented a basis for “rational
principles of action” he implicitly offered us a pragmatic principle of
action that is characteristic of bounded technical rationality directed
towards the achievement of techne.35 The constant conjunction of
events produced in the closed system of experiment is only necessarily
governed by natural law if we claim that such pragmatic principles are
natural principles. Otherwise we have merely metaphorically sub-
stituted techne for “Natural Law”. We could alternatively argue that
physics achieves progress only by extending the variety technological
objects at its disposal. Contemporary physicists have more techniques,
materials, tools, machines, and instruments at their disposal than sev-
enteenth century physicists did. Furthermore, the contemporary physi-
cists have the recorded efforts of the previous generations of physicists
at their disposal. In a technological context, contemporary physicists
are able to deal, on an everyday basis, with far more complex, sophisti-
cated, and powerful machines, instruments, techniques, and tools than
the seventeenth century physicist would have been able to imagine. It
does not immediately follow from this innovative productivity that the
contemporary physicist has one more iota of knowledge about Nature
than the seventeenth century physicist (or an ancient Greek, for that
matter). This notion of “progress” in terms of an extension of techno-
logical powers does not provide necessary and sufficient reasons to pre-
suppose that it does, in fact, discover any natural principles that exist a
priori to the practices of physics. Thus experimental physics could be
said to achieve “progress” only in a context of technological expan-
sion, whilst its practitioners (and some philosophers of science) were
under the sway of mechanical realism, but whether physics has pro-
gressed in epistemic knowledge is the very question at stake. Bhaskar
did not establish any realist argument for a rational dynamic of
change. He merely asserted that there is one. He cannot provide such
an argument – or should he – because science is unfinished and we do
not have its conclusions at our disposal. It has not achieved its own
techne and, consequently, physicists do not know what it is that they
have done and are doing, if we demand of them that they provide a
complete causal account of all their experiments and their implica-
tions. Physics is experimental and its success is still open to question.
After all, we cannot say that we are nearing the truth, improving our
approximations of the truth, until we know what the truth looks like.
We can only claim nearness if we assume that there is a final form of
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truth and then pre-empt it by assuming that the theoretical interpreta-
tion of the successful innovation of any technique to make novel tech-
nological power is a step nearer the final truth about Nature. The
formula of “success equals nearness to truth” in the context of experi-
mental physics is premised upon a conflation of knowledge with the
acceptance of technique. Henceforth, within this formula, convergence
with objective truth is equated with increased technological power.
Bhaskar’s transcendental argument has neglected the constructive role
of technology in experimental physics and is based upon a false onto-
logical dualism between human activity and Nature as the only pos-
sible poles of control at work in experimental activity. This leaves
Bhaskar open to the following criticisms:

(i) His transcendental argument for realism is circular and is mere
assertion;

(ii) His realist interpretation of the rationale of experimental activity is
based on the hidden presumption of mechanical realism and thus is
an “internal” rationale; 

(iii) If the constructive role of technology is taken into account then
we do not have to assume that either experiments are purely
human constructions or that they must reveal the laws of Nature
that exist independently of human activity.

If we take technology into account then we see how the truth disclosed
by experimental physics is neither purely a fiction nor necessarily
reveals any natural laws, but is the product of a technoscience that
creates and transforms the reality it reveals by creating and transform-
ing itself. This insight opens up the possibility of interpreting experi-
mental physics as a metaphysical performance art and reveals the
implausibility of the positivistic demand that all metaphysics is purged
from science. The positivistic claim that science should be free from
metaphysical speculation should be rejected because all truly novel
theories require metaphysical interpretations. New experiences require
new concepts and, if we are to understand those experiences, we need
to understand the metaphysics that made those experiences possible.
In the next chapter I shall discuss the origins of this metaphysics and
how it made these new experiences possible.
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3
The Mathematical Projection of
the Six Simple Machines

Historians and philosophers of science generally consider modern
physics to be inherently mathematical and often cite Galileo’s 
most famous quotation from The Assayer regarding the necessity of
mathematics to read “the Book of Nature”: 

Philosophy is written in this grand book, the universe, which stands
continually open to our gaze. But the book cannot be understood
unless one first learns to comprehend the language and read the
letters in which it is composed. It is written in the language of
mathematics, and its characters are triangles, circles, and other geo-
metrical figures without which it is humanly impossible to under-
stand a single world of it; without these, one wanders about in a
dark labyrinth.1

In this chapter I shall address the question of how the self-evidence 
of this extraordinary statement was conceptually possible. How was 
the mathematical, empirical, and natural science of modern physics
conceptually possible? In order to answer this question we need to
examine the transcendental metaphysical foundation of modern
experimental physics. What conception of the physical was presup-
posed in order to allow a mathematical and mechanistic science to be
presented as a natural science? Heidegger analysed the essence of
modern science in terms of the transformation of fundamental con-
cepts that constituted the “scientific revolution” of the fifteenth to sev-
enteenth centuries. What was the transformation of fundamental
concepts that occurred during this period? How do modern sciences
differ from ancient episteme and medieval scientia? How was this trans-
formation possible? In his 1929 inaugural lecture Was ist Metaphysik?,

74



Heidegger considered modern science to be distinct from ancient epis-
teme or medieval scientia because “in a way peculiar to it, it gives the
matter itself explicitly and solely the first and last word.”2 What is the
way peculiar to it? What is “the matter itself”? How does this way give
“the matter itself” words at all? These questions are crucial for under-
standing Heidegger’s analysis of modern science and its “special rela-
tion” to the world. He examined this special relation, and the human
pursuit of science that guides and sustains it, by attending to how
modern science relates to the world and what happened in order to
attain that relation. In this pursuit, the human being, as one being
among others, “irrupts” into the whole of beings in such a way that, in
and through this “irruption”, beings supposedly show themselves as
what and how they are. What is the character of this “irruption”? How
does it help beings “show themselves as what and how they are”? It
was essential to Heidegger’s approach that human beings are only able
to pursue science by anticipating the nature of the being that they
pursue. Human beings could not begin (or end) the pursuit without
anticipating the conditions under which it could be considered to have
been successful or have failed. How and what do human beings “antic-
ipate” when they pursue science? 

Heidegger accepted that measurement, experimentation, the use of
mathematics, and relating conceptual and material practices, are char-
acteristics of modern science, but argued that these characteristics
should not be taken to be the essence of modern science.3 He consid-
ered experimentation, as a means of acquiring information and testing
cognition via a definite ordering of things and events, to be a basic
kind of experience and activity involved in all craft work, tool use, and
material practices. This was familiar to ancients and medievals alike.
Ancient, medieval, and modern sciences involved working with math-
ematics and measurements, and were alike in this respect. The use of
facts, experiments, measurements, and mathematics, was not the fun-
damental novelty of the emergence of the modern sciences and were
not the fundamental characteristics of the “scientific revolution”.
Modern science is different from its predecessors because of the way
that it measures, experiments, uses mathematics, and conceptualises.
The metaphysical foundation of the mathematical aspect of physics
was central to Heidegger’s understanding of the fundamental event in
the pursuit of modern science, in the work of Galileo, Descartes, and
Newton. He termed this pursuit to be mathematical projection. For
Heidegger, the meaning of mathematical projection did not derive
from mathematics itself because mathematics is only a particular
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formulation of the mathematical. The word “mathematical” referred 
to the way that something is learnt, rather than merely using mathe-
matics, and the word “projection” referred to the fundamental pre-
suppositions and expectations that anticipated the phenomenon.
Galileo, Descartes, and Newton conceived the motion of each and
every body as having one “basic blueprint” according to which motion
was nothing more than the determination of geometrical points in
uniform space and time. This “basic blueprint” circumscribed its realm
of application as both universal and uniform. The conception of a
body moving under uniform and universal rectilinear motion, as
posited by Galileo and Newton, was one that did not correspond to
any experienced motion of a body and there is not any conceivable
experiment that would bring such a body into direct perception.
Heidegger noted the irony in the positivistic rejection of medieval
scholasticism and scientia, as merely dialectical and poetic, in favour of
a science concerned with an imaginary and non-empirical thing such
as uniform and universal rectilinear motion. How could a law that
describes an imaginary abstract, as a fundamental representation of
things in contradiction to experience, found this new “empirical”
science? Of course, it is arguable that we could travel into the vacuum
of space and put Newton’s First Law to direct experiential test. There
are two problems with this argument. Firstly, Newton’s First Law was
widely accepted 250 years, or thereabouts, before our technological
ability to perform this experiment and we cannot claim that experi-
ence was a criterion for its acceptance. Secondly, even if we were to
perform this experiment, how we could prove that the body was in fact
moving in a straight line? 

For Heidegger, mathematical projection was a conceptual project of
conceiving the essence of phenomena that skipped over the phenom-
ena and opens a domain where facts can show themselves. He used the
term “skip over” to focus on the way that modern mathematical
physics does not actually attend to the phenomena. In my view,
Heidegger intended a double meaning to this term. On one hand he
intended the connotation of “brushing the phenomena aside” and 
on the other hand intended the connotation of rapidly (and lightly)
stepping over appearances to reach “their essential reality”. For both
connotations, the notion of the phenomena as being an obstacle 
or a hindrance is implied. According to Heidegger, both Galileo and
Newton started with an attendance to their experiences of the phe-
nomenon of movement but “skipped over” it in order to conceive of
natural motion in terms of an abstract uniform and universal rectilin-
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ear motion. This project posited that motion was to be properly con-
ceived of in a specific way, and what and how it was to be evaluated
was brought to the phenomenon. It was axiomatic and the cognition
of motion that was taken and posited in the mathematical project was
of such a kind as to set things upon their foundation in advance by
expressing experience in terms of fundamental propositions. As
axiomatic, mathematical projection anticipated the essence of things
by sketching in advance the “basic blueprint” of the structure of every-
thing and its relation to every other thing. This conception of Nature
also required a mode of access and disclosure appropriate to its
axiomatic predetermination. Which things were to be shown and how
they were to be understood was prefigured in the project; the project
determined the mode of experiencing and studying the phenomena.
This basic plan provided the measure for laying out the circumscribed
realm of Nature. The mathematical projection of uniform and uni-
versal motion would in the future determine which bodies could be a
part of it and anchored in it. The project established a uniformity of 
all bodies according to relations of space, time, and motion; it also
required, and made possible, a uniform measure as an essential deter-
minant of things, i.e. numerical measurement. Things were determined
within the “basic blueprint” only in terms of their positions in space
and time, and as measures of mass and force. Henceforth, natural
bodies could only be what they appeared to be within this projected
plan. Inquiry was predetermined by the outline of the project in order
to allow a line of questioning that posed conditions in advance to
which Nature supposedly could only answer one way or another.
Heidegger argued that, upon the basis of this project, experience
became defined in terms of measurement and the modern experiment,
and, consequently, modern science is experimental and numerical
because of the mathematical projection of uniform and universal
motion.

However, in order to appreciate fully the depth of Heidegger’s
insight, we need to carefully attend to how he defined mathematical
projection. The mathematical projection of the “basic blueprint” used
mathematics, in the narrow sense, but Heidegger meant much more
than this. The new form of modern science did not arise because math-
ematics became an essential determinant but, on the contrary, the use
of mathematics was a consequence of mathematical projection. The
founding and application to natural philosophy of analytical geometry
by Descartes, infinitesimal calculus by Newton, and differential calcu-
lus by Leibniz, were only possible because of the projection implicit
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from the onset. How are mathematics and the mathematical con-
nected? Heidegger’s definition of the mathematical began with its ety-
mological stem in ancient Greek. He translated ta mathemata to be
what can be learnt and taught, mathanein as to learn, and mathesis as
the learning and the teaching. The two-fold meaning of ta mathemata
was to teach and to learn in a broad and essential sense (and not the
narrow and trite sense of schools and scholars). Heidegger understood
ta mathemata in terms of his understanding of what is involved in truly
learning something or truly teaching something. True learning does
not occur by merely being instructed that something is the case. It
occurs when the student learns for him or herself, in terms of his or
her “own” experiences, what the teacher is offering. Learning is a form
of taking, self-giving, and is experienced as one’s own. It involves real-
ising for oneself what is being taught. Teaching involves letting the
students learn for themselves by bringing them to the point of learning
by bringing to the fore what the students are already capable of learn-
ing in their own terms. This way of learning is determined by what is
brought to bear by the learner upon the phenomenon in question.
Heidegger defined the mathematical according to the following general
characteristic: it takes and gives to itself cognisance of something as a
cognisance that it already had and brought to the experience of learn-
ing. The mathematical had the original meaning of learning what one
already knows. For Heidegger, number was the most familiar form of
the mathematical because numbers are the closest to that which we
recognise in things without deriving it from them. He used the number
“3” as an example. One cannot teach children the number “3” merely
by showing them three chairs, or three apples, or three cats, and
instructing them to see the unifying cognition of three things.
Children must recognise that for themselves. Number is the most
familiar example of the mathematical because it is the most readily
learnt and taught. Other things are simply more difficult for children
to learn for themselves, and, consequently, more difficult to teach.
Recognition of one’s own reflection in a mirror, one’s own mother,
that other people have feelings, acceptance of one’s own mortality,
how to read and write, and many other things that are not related to
mathematics, would also be examples of the mathematical. For
Heidegger, the numerical was something mathematical in this sense. 

Citing Galileo’s famous (and perhaps mythical) experiment of drop-
ping weights from the tower of Pisa, Heidegger argued that onlookers
disagreed with Galileo’s interpretation of the same phenomenon. They
saw the weights hit the ground at slightly different times, whilst
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Galileo triumphantly upheld his view that they hit the ground at the
same time. Heidegger’s conception of mathematical projection has
considerable commonality with Kuhn and Feyerabend’s interpretations
of the “theory ladeness” of Galileo’s experiments and observations. It
was because Galileo conceived the motion of all bodies as rectilinear
and uniform that he could conceive of acceleration as changing uni-
formly when an equal force affected it. This was how Galileo could
conceive of the motion of a body thrown onto a horizontal and
smooth plane as being uniform and perpetual if the plane was
extended infinitely. Galileo used this thought experiment to present
his conception of the motion of a body in such a way as to allow the
reader to cognate it for him or herself. Galileo’s a priori conception
anticipated the universal nature of all bodies. No bodies are special,
every place is like every other, no motion is special, and he defined
every force only in terms of the change in motion it caused. In this
sense, Galileo’s discourses were the presentation of mathematical pro-
jection as a mathesis in which the reader was to learn how to see
geometrically for him or herself how things truly were. In Galileo’s
work, the mathematical was used to reflect what Galileo wanted to
learn from phenomena and, consequently, reflected his anticipations.
Galileo’s science was as abstract as the scholastic natural philosophies
that he criticised for their abstractness and his universal conceptions
pre-empted the “empirical” characterization of the phenomenon of
movement in terms of universal motion.

What are the limits and justification of mathematical formalism in
contrast to a demand for a science based upon experience? We all have
the experiences of objects falling when dropped, the sunrise and
sunset, and seeing the moon move across the night sky. The act of
categorising these distinct experiences as manifestations of universal
gravitation requires a non-empirical conceptualization of these phe-
nomena. Novel research involves the fundamental creation and exten-
sion of new concepts rather than collecting mere facts because a fact is
only what it is in the light of a fundamental conception. The creation
of new concepts is characteristic of Kuhn’s “revolutionary science”.
The positivistic attempt to distinguish modern sciences as primarily
based on facts and experience is inadequate. Positivistic science is only
capable of performing the work of “normal science” by presupposing
and applying these new concepts to experience as givens. We can only
appreciate how the application of mathematics to experience devel-
oped from the mathematical, argued Heidegger, if we grasp the
meaning of the mathematical at a deeper level. For Heidegger, every
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kind of thinking was a consequence of a mode of historical Dasein and
was a consequence of fundamental positions taken towards Being and
towards the way that beings manifest as such, i.e. towards truth. What
new fundamental position of Dasein showed itself in the rise of the
dominance of the mathematical? For Heidegger, this new fundamental
position was a spirit and formulation of freedom (against the Church,
faith, and Aristotelian dogma) to have new experiences. In the mathe-
matical project an obligation to the principles, demanded by the
project itself, was developed and self-imposed. How did the project,
according to its inner direction, drive towards an ascent to a metaphys-
ical determination of experience? The modern conceptions of science,
mathematics, and metaphysics sprang from the mathematical as a
mathesis. This possibility of “seeing the truth for oneself” in terms of
principles and axioms that were “self-evidently and intuitively true”
founded the spirit of liberation from the past.

Galileo and the mathematical projection of the six simple
machines

Historians of science and technology have provided numerous exam-
ples of ancient and medieval measurements, experiments, the use of
mathematics to analyse natural phenomena, and conceptualised mate-
rial practices, that discredit the “received wisdom” that these facets
began during the “scientific revolution”.4 Their common argument is
that the ancient and continuing medieval innovation of technologies
and the fascination with mechanism contained the seeds of the six-
teenth century development of mechanics and the new physics. The
physical concepts used by Galileo, Descartes, and Newton had sig-
nificant continuity with those used in ancient and medieval studies of
mechanics. The most influential ancient sources for the science of
mechanics were the works of Heron, Archimedes, and Pseudo-Aristotle,
and the medieval modifications and criticisms of these works of
became the points of departure for the mechanics of the sixteenth and
seventeenth centuries. As well as the geometrical mechanics of Pseudo-
Aristotle, Heron, and Archimedes, several ancient texts dealing with
the geometrical and general principles of craft practices were available,
translated, and studied throughout the medieval period. These
included the works of Vitruvius, Heron, Frontius, Plindy, and Pappus.
Vitruvius (c. 1BC) wrote De Architectura on the theory and practice of
architecture and the large-scale management of craftsmen and labour-
ers. Heron also wrote detailed works on surveying instruments (Metrica,
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Dispotra, and Catopica) and practical engineering (Pneumatics and
Automatopoietike), as well as his studies of mathematics, physics, and
mechanics. Frontinus (c. 1AD) wrote De Aquis on the engineering 
and distribution of water supplies. Plindy’s (c. 1AD) Naturalis Historia
included sections on artifice and the mathematical treatment of
mechanisms. Pappus (c. 4AD) wrote on mechanics to solve practical
problems that inspired Galileo’s solutions to the same problems. All 
of these works contained systematic collections of geometrical treat-
ments, inventions, designs, experiences, and accounts of established
practices. If we consider technology to be the logos (rationale, accounts,
principles) of techne then all of these works are technological. They 
do not merely constitute collections of accounts of trial and error
tinkering.

The sixteenth century science of mechanics had its origins in the
mathematical treatments of mechanical devices and the culture of
technological innovation that occurred from, at least, the thirteenth
century onwards. As White argued, during the thirteenth century there
emerged both generalised concepts of mechanical power and the view
that Nature was “a vast reservoir of energies to be tapped and used
according to human intentions.”5 This suggests that the abstract con-
ception of Nature as a resource, a conception that Heidegger consid-
ered to be the essence of modern technology that distinguished it from
ancient handicrafts, emerged 300 years before the “scientific revolu-
tion” and over 500 years before the nineteenth century “industrial rev-
olution”. White argued that between the thirteenth and sixteenth
centuries there were widespread innovations in civic, military, and eco-
nomic technologies, as Europe began its expansion of political, eco-
nomic, and military powers. This expansion required more resources
and the continuing innovation of machines and techniques to
enhance productive, explorative, military, and civic power. In his view,
the sixteenth century development of technologies was a continuation
of the post-thirteenth century period of decisive development in the
effort to use the forces of Nature mechanically for human purposes.
The invention of the printing press accelerated the cultural dis-
semination of the mechanical arts throughout Europe, whilst they
were rationalised and associated with the ancients through geometry
in order to give them status of being “sciences”.6 The know-how of
craftsmen and practitioners was presented in terms of mathematical
and rational principles and transformed into “true knowledge”. When
coupled with the patronage of political and military powers this ele-
vated the social status of the mechanical arts and prepared the way for
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the experimental and mechanical “natural” philosophies of the six-
teenth century to achieve mechanical leverage into the workings 
of Nature. The experimental and mechanical sciences of the sixteenth
and seventeenth centuries grew out of the contemporary mechanical
arts and mathematical sciences of the fourteenth and fifteenth cen-
turies. The artisan had a central role in the emergence of experimental
philosophy because, as Bennett put it, the “experimental philosophy,
given its methodology of testing hypotheses by manipulating mechan-
ical devices, must be said to have appropriated both values and specific
knowledge from the mechanical arts.”7 After transforming the status of
mechanical invention from a craft to a science, via mathematics 
and the patronage of elites, the conditions were ripe for the formal
construction of the science of mechanics.

The predominant mathematical problem for medieval mechanics
was how to solve the problem of the six simple machines (the wheel
and axle, the wedge, the balance, the lever, the inclined plane, and the
screw). The methodological template to provide complete solutions for
these machines followed the Aristotelian mechanics set down in
Psuedo-Aristotle’s Mechanical Problems.8 In this work, the formulation
of the geometrical solution to the six simple machines utilises the
properties of circles. Since the mid-thirteenth century, many treatises
appeared that focussed on the problems of kinematics and dynamics
for mathematical and philosophical treatment. The thirteenth century
mathematician Jordanus de Nemore, in his book De rationale pon-
deribus, used Pseudo-Aristotle’s dynamics, as well as Arabic derivatives,
to tackle the problems of the balance, weights, and levers. His work
focussed upon the problem of geometrically dealing with motion. By
the fourteenth century, there were many books on the subject of the
application of geometry to the problems of motion. John Buridan’s
fourteenth century book Questiones super libris quattuor de caelo in-
cluded discussions of impetus theory, the possible rotation and motion
of the Earth, the general law of leverage, the solution to the problem of
the inclined plane, and the equilibrium of connected weights.9 Both
Nemore and Buridan tackled problems that were to become central 
to Galileo’s work. Of course, we might raise the objection that these
early efforts utilised completely different conceptions of motion and
matter. Buridan’s notion of “impetus”, for example, has no correlate in
Galileo’s mechanics and, in terms of modern mechanics, the early
efforts made significant errors in their treatments of even simple
mechanical devices. However, this is irrelevant for the question of
whether Galileo’s mechanics was a culmination of earlier efforts. What
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we see in the pre-sixteenth century efforts was the attempt to describe
the motions of simple mechanical devices in terms of Euclidean geo-
metry. This set down the template for the methodology of subsequent
efforts.

Medieval mechanics within this tradition attempted to construct a
dynamical system based upon the geometrical projection of the circle.
However, this system failed to provide a method to provide static solu-
tions to the problem of equilibrium. One of the most valuable sources
for this project was the works of Archimedes. Roger Bacon, in the thir-
teenth century, invoked Archimedes against those who did not “dare
to know” and Commandino, in sixteenth century, wrote, “with respect
to geometry no one of sound mind could deny that Archimedes was
some God.”10 Archimedes’ fame as an inventor of fantastic machines
was widespread in the fifteenth century, largely through the account of
Plutarch’s Life of Marcellus.11 It is ironical that it is claimed in this text
that Archimedes destroyed all his designs for machines because of the
ignobility and danger of such records.12 Although famous for his
mechanical inventions there are no surviving texts, directly attributed
to Archimedes, which contain his reputed devices; only second and
third-hand accounts remain. His surviving works include the geometri-
cal solutions to the sphere, cylinder, conoids, spheroids, the equilib-
rium of planes, spirals, buoyancy, quadrature of the parabola, the
diameter of the Earth, numbers, square roots, irrational numbers, arith-
metic, a method of integral calculus, the diameter of the Universe,
probability, solids, centre of gravity, and measurements.13 There are
references to lost works on polyhedra, numbers, balances and levers,
gravity, optics, the mechanical motions of heavenly bodies, parallel
lines, circles, triangles, and machines. His only remaining description
of a mechanical device is his orrey to model the mechanical motion of
the heavens. In the Method (addressed to Eratostheses), Archimedes
described “a certain method, by which it is possible for you to get a
start to enable you to investigate some of the problems in mathematics
by means of mechanics” and wrote “for certain things first became
clear to me by a mechanical method, although they had to be demon-
strated by geometry afterwards because their investigation by the said
method did not furnish an actual demonstration.”14 This mechanical
method had wide appeal to the medieval and Renaissance mechanists
and mathematicians.15 Leonardo Da Vinci studied both Archimedes’
mathematics and Psuedo-Aristotle’s mechanics and regarded those who 
did not read Nature “by the light of experience” with contempt.16

His works included mathematical analyses of machines, in terms of
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mathematical mechanics, which were reduced, primarily, to the ele-
ments of force, impact, weight, and motion. This analysis integrated
geometry and mechanical arts – an integration of both Archimedean 
and Aristotelian theories of geometrical mechanics with fifteenth
century technological practices – and postulated that the principles of
mechanics and the principles of Nature had an analogous explanatory
connection. However, he regarded “experience” not in terms of just
observation, but in terms of an interventional exploration of “the
processes of Nature” through chemistry, mechanics, and dissection.
These “processes” were treated in his experiments, models, and art, as
mechanisms.17 Leonardo’s approach of exploring natural phenomena
in terms of “natural mechanisms” experimentally, applying geometry
to solve problems in natural philosophy, was a continuation of
medieval efforts in these directions rather than a radical or novel break
from them.

It is beyond doubt that the works of Archimedes had a profound
influence on Galileo. This profound influence can be read from
Galileo’s own words: “I cover myself with the protecting wings of the
superhuman Archimedes, whose name I never mention without a
feeling of awe.”18 In 1586 Galileo constructed a hydrostatic balance,
following Archimedes’ geometrical arguments, to determine accurately
the relative amounts of two metals in an alloy mixture, which he
described (in Italian) in a paper published in 1644.19 In 1586 Galileo
also studied the Archimedean concept of “the centre of gravity” and
wrote a paper (in Latin) on “Theorems about the Centre of Gravity in
Solids”.20 Galileo wrote On Motion (Du Motu) applying Archimedes’
principle of motion in a medium whilst retaining Aristotle’s notion of
natural places and the medieval notion of impetus in 1590–1.21 He
argued that by treating a falling body as a body rising, falling, or
floating in a medium, then, in Archimedean terms, such a body was
“reduced to weights of a balance.”22 He wrote On Mechanics in 1593–4
giving Archimedean geometrical treatments of the simple machines.23

He started from his premise that all simple machines could be reduced
to a problem of an Archimedean balance. This argument was based on
the Archimedean principle that all machines operate on the same
physical principles so a complete understanding of any one of them is
adequate for the deduction of the mechanical properties of all the
others. Having chosen the balance as fundamental and used it to
derive the laws for an inclined plane, the lever, the windlass, the
capstan, the pulley, and the screw, Galileo constructed a “dynamic
equilibrium” method as the basis of his physics. He used this method
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in his treatment of hydrostatic phenomena in Discourse on Floating
Bodies (1612) and in his Dialogue on the Two Chief World Systems
(1632). He used this method to describe motion as separated into two
independent horizontal and vertical axes to describe the fall of a body
from a moving point as that of a parabola. He rhetorically argued that
the Earth could revolve around the Sun (without the breath being
snatched from our mouths nor birds being flung from out of the sky).
In his last work, Two New Sciences (1638), he concentrated on explain-
ing natural motion using the inclined plane.24 This involved using the
pendulum experiment and the balance as exemplars for the description
of all natural motion.

Galileo probably first became acquainted with the works of
Archimedes in 1583 through the Tuscan court tutor, Ostilio Ricci, a
pupil of Nicolò Tartaglia (1500–57), who, in 1543, had translated the
works of Archimedes into Latin.25 Tartaglia taught perspective, archi-
tecture, and in 1537 published his mathematical science of ballistics.26

He also taught mathematics, surveyed land, designed fortifications,
made maps, and invented mathematical instruments. His studies
included arithmetic, geometry, music, astronomy, perspective, and
architecture. He had translated Euclid’s works into Italian in 1543 and,
in 1551, he published his Italian translation of Archimedes’ On Floating
Bodies and, using Archimedes’ hydrostatics, Tartaglia derived and pro-
posed a method of re-floating wrecks.27 He had also studied and trans-
lated Pseudo-Aristotle’s works into Italian and declared that mechanics
based on the principles of weight was the cause of every ingenious
mechanical invention.28 He argued that arguments about Nature could
only be based on experience whereas abstract arguments about
mechanics should be based on mathematics. This lead him to assert
that arguments based on mechanics were superior to those based on
mere observation because reasoning based on mathematics was more
rigorous than reasoning based on experience. When observation and
mechanics did not agree then the notions of “error” or “material hin-
drances” could be used to explain the discrepancy.29 Margaret Osler,
following Mandelbaum, termed this as the methodological problem of
transdiction.30 This form of inference constructs an explanation in
terms of an unobserved mechanism in order to explain the deviation
of an observation from theoretical expectations. This method was
central to the use of mechanics as an explanatory tactic and, by adopt-
ing this tactic, Tartaglia had pre-empted the mechanical philosophers
of the seventeenth century. Galileo frequently used this tactic. The
discrepancies between the path of a cannonball and a parabola, for
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example, could be transduced as the mechanical consequence of the
invisible force of friction. A subsequent mechanical experiment could
be constructed to demonstrate friction and, due to the presumed uni-
versality of such a demonstration, it could be taken to have disclosed
the reason for the initial failure of mathematical description to match
experience. Tartaglia accepted the Aristotelian classification of mechan-
ics as a “subalternated science” because its method was abstract math-
ematical demonstration but its subject was physical and consequently
both mathematics and experience were required in the development of
mechanics. He argued that mechanics provides knowledge to calculate
the strength (virtù) and power (potentia) of any machine to augment
the strength and power of men by any degree.31 Tartaglia attempted to
inscribe a formal mathematical treatment of mechanics by combining
the statics of Archimedes with the dynamics and kinematics of Psuedo-
Aristotle. He was unsuccessful because he could not consistently
combine the Archimedean proofs based on equilibrium and the
Aristotelian arguments based on velocities. However, Tartaglia had laid
down the challenge to his sixteenth century Italian contemporaries.

Francesco Maurolico was the first of Tartaglia’s contemporaries to take 
up this challenge.32 He already had established his reputation in astron-
omy, optics, and by translating and commenting on the works of Euclid,
Archimedes, and Pseudo-Aristotle. In Problemata mechanica cum appen-
dice he discussed the scope and classification of mechanics within 
the sciences.33 He listed mechanics (along with music, astronomy, per-
spective, geography, architecture, painting, sculpture, stereometry, and
cosmography) as an intermediate science between the mathematical 
and the physical that was distinct from the secular arts. He considered
mechanics to be a part of “contemplative philosophy” due to its mathe-
matical part. He argued that the dynamics and kinematics of Pseudo-
Aristotle’s mechanics had to be based on “the doctrine of equal static
moments” and consequently mechanics had to be based on Archime-
dean principles. It is this notion of the primacy of Archimedean statics
that inspired many subsequent sixteenth century Italian mechanists. For
example, Guidobaldo, a sixteenth century Italian aristocrat and a mili-
tary engineer, used Archimedean techniques to solve the problems set
by Psuedo-Aristotle starting from the lever and then on to the rest of the
six simple machines.34 He aimed to establish mechanics as a branch of
rigorous axiomatic geometry and claimed that any machine based on
such a mechanics would work in the real world. Another sixteenth
century Italian military engineer called Giulio Savorgan, also inspired by
Archimedes, innovated Italian town fortifications, developed mechanics
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and invented “Archimedean” devices to aid the lifting and transport-
ation of heavy cannons.35 He invented light, robust, and powerful
lifting-gear based on spur gears, worm gears, rack-and-pinion, block-
and-tackle, winch and pulley, screw jacks and ratchet-jacks. The
Aristotelian mathematician, Bernardino Baldi considered mechanics 
to be a “subalternated science” due to its physical subject matter des-
cribed in terms of geometrical proofs.36 In his view, mechanics was
consequently of an equal status to optics, music, and astronomy. In 
his treatment of mechanics he followed Maurolico and formulated 
his solutions to the problems raised by Pseudo-Aristotle in terms of
Archimedean and Aristotelian concepts of statics, dynamics, equilib-
rium, motion, power, and impetus.

The Aristotelian and mathematical science of mechanics was estab-
lished in Italy through the influence of the university at Padua.37 The
elevation and establishment of mechanics from the banausic to the
academic occurred at Padua through the influence of mathematically
educated Aristotelian scholars such as Niccolò Lenico Tomeo and
Alessandro Piccolomini.38 Since the fourteenth century Padua had been
a centre for mathematical subjects (including astronomy, astrology,
geometry, optics, and geography) and was the first Italian University in
the sixteenth century to offer lectures in mechanics from the chair of
mathematics. The introduction of mechanics into the curriculum at
Padua in the 1560s began in the form of lectures on Pseudo-Aristotle’s
work. Guidobaldo studied there in 1564 and Baldi from 1573 to 1575.
Pietro Catena was the first lecturer in mechanics at Padua and gave lec-
tures between 1564–1573 and was professor of mathematics from 1547
to 1576. His successor was Guiseppe Moletti.39 Moletti followed his
Aristotelian predecessors and classified mechanics as “contemplative
philosophy” of mathematical principles of statics, dynamics, and kine-
matics. According to Moletti, the task of mechanics was to demonstrate
the most efficient means of performing the maximum amount of work
with the minimum of effort. For Moletti, mechanics was a science and
not an art because the geometrical first principles of mechanics were
“necessary and eternal” whereas the arts were contingent upon human
ends. The end of science was the knowledge of causes and truth
whereas the end of arts was productive work. He argued that the first
principles of mechanics were natural means, that mechanics was to be
found in all the works of Nature, and the first principles were “Natural
Laws”. Moletti transformed the traditional classification of mechanics
from a “subalternate science” to a “natural science”. Whilst he still
considered it to be “intermediate” between the geometrical and the
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physical it was based on both mathematical and natural principles and
truths.40 As professor of mathematics at Padua between 1577 and 1588,
he paved the way for Galileo’s mechanical realist physics. In 1592,
Galileo succeeded Moletti as professor of mathematics at Padua.

Francis Bacon independently presented a similar natural philosophy
in The New Organon.41 He was critical of sixteenth century arts, intellec-
tual sciences, and philosophy and reserved his praise for mechanics. He
considered Greek science to be childish, due to their basis on “bland
and specious generalities” that lead only to “disputes and scrappy
controversies” and “almost stopped in their tracks”, and praised the
mechanical arts for progressing.42 He proposed 

the production of a Natural History by making a history not only of
Nature free and unconstrained (when nature goes its own way and
does its own work), such as a history of the bodies of heaven and the
sky, of land and sea, of minerals, plants and animals; but much
more of nature constrained and harassed when it is forced from its
own condition by art and human agency, and pressured and moulded.
And therefore we give a full description of all the experiments of the
applied part of the liberal arts, and all the experiments of several
practical arts which have not yet formed a specific art of their
own.43

He argued that the natural axioms induced from experience founded
the mechanical arts. He praised the mechanical arts for providing a
“variety of objects and splendid equipment”, having “contributed to
human civilization”, and being based on “axioms of nature” discov-
ered by observation and subtle, patient, ordered movement of hands
and tools. If directed according to utility they were capable of growth
and flourishing. He cited the clock as an example of “a subtle and
precise thing that seems to imitate the celestial bodies in its wheels,
and the heartbeat of animals in its constant, ordered motion; and yet it
depends on just one or two axioms of nature.”44 He considered the
mechanical arts to be praiseworthy as the source of civilization and
political advantage in general and the discovery of the art of printing,
gunpowder, and the nautical compass in particular. The mechanical
arts were the noblest human pursuit and “right reason and sound reli-
gion would govern its use.”45 As Bacon put it,

There remains one hope of salvation, one way to good health: that
the entire work of the mind be started over again; and from the very
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start the mind should not be left to itself, but be constantly
controlled; and the business done (if I may put it this way) by
machines.46

Another proponent of this ontological interpretation of mechanics at
the turn of the seventeenth century was Giovanni di Guevara.47

Guevara was a Spanish noble from Naples, praepositus generalis of the
Clerics Regular Minor, the Bishop of Teano in 1627, and a papal legate
to Philip IV of Spain. In his In Aristotelis mechanicas commentarii, pub-
lished in 1627, he analysed mechanics using both Archimedean princi-
ples and Pseudo-Aristotelian mechanics. He dealt with the principles of
mechanics, centres of gravity, the simple machines, Psuedo-Aristotle’s
thirty-five mechanical problems, the scope of mechanics, and its rela-
tion with the other sciences. He defined mechanics as the art or science
of applying geometrical principles to heavy and light things that must
be moved or brought to rest artificially. Mechanics was based on the
weight of the moved body and the strength of the mover (which could
be an impetus or a machine) and it consisted in discovering the appro-
priate powers needed to move loads and to supplement Nature.
Guevara’s formal treatment of mechanics was in terms of marvellous
and artificial motion and rest (each, in turn, was treated in the
Aristotelian terms of violent and natural motion and rest). In the
Aristotelian terms, violent motion arose from an external source
whereas natural motion arose from the body in question. These dis-
tinctions allowed him to describe how mechanics and natural philoso-
phy dealt with the same subject differently. He argued that natural
philosophy was concerned with marvellous motions and rest whereas
mechanics was concerned with artificial motions and rest. Both natural
philosophy and mechanics could analyse their distinct kinds of motion
and rest in terms of natural and violent motion. He argued that natural
motion was apparent in any motion that was produced by machines.
Although a machine operated upon violent motions, from an external
source, the behaviour of that motion could be analysed in terms of
natural motions. In the operation of any machine there were both
violent and natural motions at work. In other words, human interven-
tion was required to produce and activate any machine and Nature
played its part in how that machine operated. Consequently, he based
the understanding of the operation of mechanical devices on the inter-
action of human interventions and natural principles.

These novel interpretations of mechanics provides the key to under-
standing Galileo’s “natural philosophy” by placing the methodology
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that checked his conclusions against “experience” within the context
of mathematical and practical mechanics. Indeed, it is true that he pre-
supposed that “mere” experience did not qualify as a legitimate source
of knowledge. He frequently disregarded the primacy of perception and
affirmed Euclidean geometry, inscribing motion solely in terms of the
translation of a body from one geometrical point to another. Checking
directly with Nature involved an intellectual a priori knowledge of
mathematics, as being the only means of apprehending the truth
about experience, and physics became a priori science in the hands of
Galileo. Geometrical methods did not allow any investigation into
quality. It is for this reason he declared and dismissed the notion of
quality as illusionary. His “insight” was that only by describing experi-
ence in the form of Euclidean geometry one was able to read “the book
of Nature”. However, his science posited that Nature is comprised of
mathematical properties that can be isolated and treated as interacting
components in a mechanical apparatus. His geometrically arguments
were projected to disclose “natural mechanisms” by analogy with
demonstrations using artificial devices. For Galileo, demonstrating
these deductions of mathematically described mechanisms involved
practical experimentation because if one truly understood any natural
phenomenon then one should be able to construct a machine to repro-
duce that phenomenon artificially.48 Galileo’s method to “check” his
theories against “experience” was a technological process of using
abstract mathematical designs to demonstrate the possibility of build-
ing mechanical devices to “imitate” natural phenomena. Success
implied that he had “reproduced” the causal mechanisms supposedly
“at work in Nature” when he designed a machine that reproduced the
appearance of natural phenomena. Hence, he rhetorically claimed that
his mathematical deductions disclosed “natural mechanisms” when
those deductions were successfully “embodied” in design of a working
machine. This is evident from Galileo’s use of a pendulum to demon-
strate his theory of motion, his use of an astronomical sphere to
demonstrate his theory about the Sun’s rotation, and steelyards and
balances to demonstrate his theory of free fall.49 Mechanical realism
was implicit to his methodology. This was an essential development
for Galileo’s new physics and provided the template for all subsequent
experimental physics. The mechanisms at work in the construction of
mechanical artefacts were literally those of Nature. Mechanics was an
embodiment of mathematics in the world. In the metaphysics of
Galileo, mechanical realism had emerged into seventeenth century as a
substantive metaphysical position and constituted a set of precepts.
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Mathematical science required this set of precepts in order to appeal 
to a generalised principle of operation in Nature in order to correlate
the motion of bodies, and their properties, with measurements and
experiments.50 Galileo’s mechanical realism restricted the classification
of “the real” to be “the mechanical” and the mathematical motions
projected upon the natural phenomena were the abstracted motions of
the six simple machines. The geometrical solution to the wheel pro-
jected circular motion and the coupling of anti-parallel linear motions.
Orthogonal changes in motion, the transference between horizontal
motion and vertical motion, could be described in terms of the geo-
metrical solution to the wedge (the transference between vertical and
horizontal described in terms of the inclined plane). The projection of
the screw abstracted transference between circular motion and motions
orthogonal to the plane of the circle. Galileo had reduced all these
machines to the operation of the lever and the balance.51 This pro-
vided him with a complete set of uniform mechanical motions to
mathematically project on to all natural movements in such a way as
to allow the observer to “see” the geometrical essence of that motion. 

This mathesis founded his arguments that the efficient causes of
mechanics were the necessary causes and fundamental mechanisms of
Nature. It was the balance that, as a metaphor and a model, that was to
become central to physical explanation and law.52 The subsequent
development of the laws of conservation (mass, charge, energy),
Newton’s Laws of Motion, and the First Law of Thermodynamics, all
were premised upon the metaphor of the balance as a fundamental
mechanical principle of Nature. Furthermore, by utilising the method of
transdiction whenever the mathematical projection of the balance
failed to match experience, the projected invisible counter-mechanisms
can be used to correct the discrepancy by projecting it as a counter-
balance. An example of this in Galileo’s work is the solution to the dis-
crepancy of the motion of a body from the mathematically projected
quadrature of a parabola. Galileo explained this discrepancy in terms of
air resistance.53 He demonstrated the explanatory power of this trans-
diction by using the dropped weights and the pendulum thought exper-
iments. Thus natural processes and change could be represented as the
resultant interaction between balances, balances within balances, and
the lever. Mathematically projecting the lever over any change in
motion defined that change in terms of an external force. Galileo was
able to develop the dynamics of the new physics that aimed to describe
everything in terms of number, figure, motion, and causal mechanism.
Hence, for Galileo, the precepts of his metaphysical mechanical realism
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encapsulated his conception of Nature and the methodology of natural
science.

Galileo made essential two contributions to mechanics that made
modern experimental physics possible. The first contribution was tech-
nical. Galileo innovated geometrical techniques to reduce all motion to
a single unitary mechanical motion: the motion of the balance and,
therefore, he was able to inscribe simple time-reversible mechanisms,
such as pendulae, in terms of Euclidean geometry and provide a
mechanical determination of time. The second was metaphysical. He
was able to rhetorically establish his mechanical realism as a basis for
using mechanical devices, experimental apparatus, to “discover”
mechanical principles of Nature. Galileo went further than had any of
his Paduan predecessors. Not only were the motions of simple mechan-
ical devices treated as natural, as Moletti had proposed, but they were
also to be used to determine the mathematical “Laws of Nature”. It was
the geometrical treatments of simple mechanisms that were to be
classified as “the Laws of Nature” and all natural movements were to
be treated as simple mechanisms. Galileo’s reductive mechanical
realism was both the precursor to the “mechanical world view” and
provided a method to investigate Nature mechanically. The mathemat-
ical projection of balances and levers made the mechanical world-view
and the idea of the clockwork universe possible. All that was required
to solve the problem of transdiction was to devise a further experiment
to show the mechanical action of the correcting mechanism. Math-
ematically projecting this transdiction over the original phenomenon
refined the model and provided an explanation. This projection
embodied the precepts of mechanical realism and made the experi-
mental use of mechanical devices to ascertain the fundamental mech-
anisms of Nature possible. The subsequent speculative metaphysics of
the seventeenth century, such as the Newtonian mechanical system of
the world, Gassendi’s atomism, or Descartes’ metaphysics, constituted
the epistemological novelty by introducing interpretations that would
have been nonsensical to previous natural philosophers. Differing
speculative metaphysical assumptions founded the subsequent mech-
anical philosophies, but they all presupposed the operational meta-
physical precepts of Galileo’s mechanical realism.

The mechanical realism inherent to Galileo’s development of
mechanics as both a mathematical and a natural science conflated
techne and episteme. He presented the techne of mathematical mechanics
as the unchanging and eternal episteme of Nature. Thus, from 
its onset, mathematical physics was techne-logical. This move was
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facilitated by the ambiguity between mathematical reasoning as techne
and episteme within the texts of both Aristotle and Plato, but it was also
novel. This novelty allowed both the transformation of the status of the
mechanical arts to mechanical science and the reification of the prod-
ucts of the mathematical science of mechanics. Henceforth, mathemat-
ics became the means of reading “the book of Nature”. However, this
transformation occurred within the context of the European desire for
novel technological powers. It is this desire that provided the condition
for naturalness of the conceptual synthesis of the precepts of mechan-
ical realism and the possibility of both mathematical natural science
and modern scientific technology. Securing this metaphysical founda-
tion connected the episteme of Euclidean geometry with the techne of
mechanics as a technological means to disclose the axioms of Nature
that governed change in the world. The technical acts of writing the
book of Nature could be ignored (as mere means) and it could be read as
if written by God. The mathematical practices of Galileo’s physics
allowed the intuitive mathesis of the skilled practitioner to become a
means to discover the truth. This remained the case in European math-
ematics until the nineteenth and twentieth centuries’ construction of
non-Euclidean geometries. The precepts of mechanical realism, embod-
ied in mathematical projection of the six simple machines, allowed
both modern experimental physics and modern technology to be con-
ceptually possible. Mechanical realism underpinned the sixteenth and
seventeenth centuries’ conception of technological powers and natural
phenomena as having the same unitary origin and manifest according
to the same principles or laws. The conceptual possibility of modern
technology occurred simultaneously with the possibility of modern
experimental sciences because of the emergence of this conceptual syn-
thesis of the origins of both natural phenomena and technological
powers. Once this symmetry emerged then the conception of modern
technology as a unitary phenomenon, manifest according to universal
natural laws, was possible. This was simultaneously a naturalization of
mechanisms and a mechanization of Nature. The conception of tech-
nology as a process of unlocking and utilising natural forces, causes,
and powers became possible. It could be treated as a unitary kind of
relationship between “Man” and “Nature”, in which “Nature” could
provide the means for its own domination by “Man”. Henceforth, tech-
nology was a neutral process that was accessible to “universal rational-
ity”, defined in terms of “technical rationality” in accordance with a
concept of “efficiency”. Henceforth, Nature was conceptualised in terms
of universal mathematical laws, materials, mechanisms, necessity, and
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efficient causes. This premise allowed technological innovation (bring-
ing novel technological powers into the world) to be taken as nothing
more than taking advantage of those laws. Technological innovation
(the expansion of technological powers) could be treated as human par-
ticipation in the natural order of things disclosed by the mathematical
mechanical sciences. In the sixteenth and seventeenth centuries, the
confidence in the human ability to construct and use machines to
produce new technological powers grew to such proportions that it
found expression in the reification of machines. The presupposition of
mechanical realism allowed these reified machines to become transpar-
ent means of disclosure at the service of “Man”. Machines could be used
to disclose the mechanical principles of the Grand Machine, the
Universe and everything contained therein, and conceived as a self-
evidently rational exploration of Nature. Appeals to technological inno-
vation and power underwrote the validity of the new science. 

Mechanical realism and the mechanical world-view

Heidegger argued that the new science, by setting in place each partic-
ular being in such a way that calculation provided certainty of the
objective reality of that being, transformed the conception of Nature
into an object of explanatory representation. Henceforth, scientists
could only consider “the calculable” to be real within scientific re-
search. Modern scientific research was only possible when and only
when successful calculation provided the “test” of the truth of any
hypothesis or theory. Heidegger argued that this conception of truth
and the philosophical establishment of mathematical projection, as
the definition of modern metaphysics, began in the work of Descartes
(as articulated in Meditationes de prima philosophia). The usual interpre-
tation of Descartes’ cogito sum is that of the thinking being, “I”, as the
human subject. This self-declared centre of thought placed doubting at
the beginning of philosophy in order to provide reflection upon
knowledge itself and its possibility, placing epistemology before ontol-
ogy. Heidegger criticised the usual interpretation that Descartes’ philo-
sophical project was a form of scepticism, subjectivism, or egoism. For
Heidegger, this interpretation was a story that at best is “only a bad
novel” because it neglected the questioning of substance that was
central to Descartes’ philosophical enterprise, as articulated in the
Meditationes de prima philosophia (1641).54 Heidegger placed Descartes’
work within the context of an historical period in which a new assault
upon tradition had begun that was to be “seen in [the] fact that man
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frees himself from the bonds of the Middle Ages in freeing himself to
himself”.55 Descartes’ enterprise reflected the passion for this new
assault and an inquiry to bring clarification to the essence of the new
enterprise. This enterprise not only emphasised that clear and insight-
ful intuition, or certain deductions, are the routes to knowledge, but
also held that method, in general, is necessary for us to have truths at
all. This method was to consist in the order and arrangement upon
that which “the sharp vision of the mind” is to be directed if truth is to
be discovered. If mathematics, in the sense of mathesis universalis, was
to ground and form the whole of knowledge, then special axioms were
required. These axioms needed to be intuitively self-evident and estab-
lish in advance what constitutes being and from where, and how, the
essence of being is to be determined. The basic mathematical projec-
tion had to be based upon its own ground, as a basic principle, and be
indubitable. Descartes did not start his discourse with doubt because he
was a sceptic, but in order to clear the way for positing the mathemat-
ical as the absolute ground and foundation of natural philosophy.
Hence Descartes’ cogito was something mathematical, in Heidegger’s
sense, when in thinking itself it takes cognisance of itself as something
we realise for ourselves as something we already have. Descartes’
formula, cogito ergo sum, was not an inference because the sum was the
fundamentum rather than the consequence of thinking. This formula
founded the “I posit” proposition because it allowed his work to be
presented as something independent from whatever is given before
hand and as that which already lies within. This can be clearly seen in
his posthumous work Regulae ad directionem ingenii. Descartes articu-
lated the aim of his life’s work to be the project of grounding the
mathematical in terms of its own inner requirements by explicating it
as the standard of all thought and establishing its rules.56 Descartes’
self-appointed task was a work of reflection upon the fundamental
meaning of the mathematical. This reflection was concerned with the
totality of beings and the knowledge of that totality, and, therefore,
was a reflection upon metaphysics. The mathematical “I” was pre-
sented as the special subject, before whom all remaining things first
present themselves as what they are, that mathematically provided the
fundamental relation from which all things receive their thinghood. In
relation to the “subject”, things could then stand as something else, as
objectum, and be “objects”.

However, Heidegger neglected to attend to the influence of the
sixteenth century science of mechanics upon Galileo and the mech-
anical realist metaphysics that his new science assumed. He failed to
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recognise that Descartes was profoundly inspired by Galileo’s work 
in his definition of the methodology for the new science and, con-
sequently, the same mechanical realist precepts underpinned his meta-
physical foundation to natural philosophy. As we can see from a letter
that Descartes wrote to Florimond de Beaune (dated April, 1639), he
considered the new physics as “merely mechanics”.57 In Meditationes de
prima philosophia, he conceived all natural phenomena in terms of
machines and asserted that

there are absolutely no judgements in Mechanics which do not also
pertain to Physics, of which Mechanics is a part or type: and it is as
natural for a clock, composed of wheels of a certain kind, to indicate
the hours, as for a tree, grown from a certain kind of seed, to
produce a certain kind of fruit. Accordingly, just as when those who
are accustomed to considering automata know the use of some
machine and see some of its parts, they easily conjecture from this
how the other parts which they do not see are made: so, from the
perceptible effects and parts of natural bodies, I have attempted to
investigate the nature of their causes and of their imperceptible
parts.58

Descartes was committed to Galileo’s mechanical physics and natural
philosophy, and, consequently, his aim was to establish a mechanical
philosophy of Nature upon the foundation that all natural phenomena
could be explained in terms of innate matter and motion in geometri-
cal space. Physics was the project of the mathematical projection of the
six simple machines over all natural motion and change. He argued
that the Universe is a plenum and that the matter filling it is infinitely
divisible, identical with geometrical space, and has only the property
of extension. He argued that extension could be understood in terms
of a prior knowledge, there is no need for any appeal to experience or
observation, and consequently, the first principles of natural philoso-
phy could be known a priori and lead to the discovery of essences.
Experiences and observations were only required to determine the con-
tingent actuality of phenomena. His Meditationes de prima philosophia
contained his demonstrations of the metaphysical foundations of the
epistemological basis of his mechanical philosophy that would replace
the Aristotelian natural philosophy without appealing to an alternative
ancient philosophy.59 Not only did he use sceptical arguments instru-
mentally in order to clear the way for his arguments in favour for
mathematics as a foundation of indubitably certain and demonstrative
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knowledge, but he also used theological arguments for God choosing
to be bound by the necessity that God had freely created in the physi-
cal world. Consequently, Descartes’ a priori arguments for the eternal-
ity, universality, and necessity of God’s choice of mathematical first
principles were the metaphysical basis of his epistemology of physics.60

Furthermore, his points of departure were continuous with the
theological presuppositions of medieval theology.61 His metaphysical
arguments about God’s creation of eternal, necessary, and universal
truths, were situated within traditional discussions about the absolute
and ordained powers of God, and these played a formative role in the
development and interpretation of Descartes’ natural mechanical
philosophy. Descartes, Galileo, and Kepler identified mathematical
truths as eternal truths that were central to the natural order of the
physical world and all shared a concern with the relationship between
God and mathematical truths.62 Descartes’ arguments for God’s cre-
ation of mathematical truths provided the metaphysical foundation of
his epistemology because if certain fundamental mathematical truths
are necessarily true then we could have a prior knowledge of them.
These a priori indubitable truths provided Descartes with a foundation
for his deductive methodology. From this “standard of certainty”,
Descartes was able to provide arguments in the Discourse on Method for
his method of systematic doubting, the cogito, the existence of God,
the existence of the soul, and the essence of matter. He was able to
instrumentally start from his conception of the cogito based on the
components of doubting, thinking, and being, to argue the cogito was
indubitable as a transferable standard by which the reliability of any
knowledge claim could be made. This standard provided “a general
rule that the things we conceive very clearly and very distinctly are all
true, but that there is nevertheless some difficulty in being able to
recognise for certain which are the things we see distinctly.”63

Descartes argued that if this general rule were true, and it must be,
then there is a necessary connection between that which is clear and
distinct in our minds and the natural order of the physical world
created by God. If the rule were false God would be a deceiver and this
would be in contradiction with the conception of God in terms of
perfection.

Given that mathematical truths are clear and distinct then they must
provide truths of the physical world. Descartes used this reasoning to
establish his characterization of matter in terms of geometrical exten-
sion, infinite divisibility, and primary and secondary qualities. These
characterizations constituted the fundamental elements of the physical
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world within Descartes’ natural philosophy. God was the first cause of
motion and always conserved an equal quantity of motion in the
Universe according to laws of inertia and impact. Descartes appealed to
the perfection of God in order to justify the possibility a priori knowl-
edge of these laws of Nature. His derivation of the existence and
content of these laws from God’s attributes required knowledge of
God’s attributes. As a consequence of the perfection of God, the same
laws of Nature would govern any world created by God, and therefore
in order to obtain knowledge of this particular world more than just
the a priori laws of Nature are required. For Descartes, knowledge of the
laws of Nature was necessary but not sufficient to explain particular
phenomena. He required observation and experiment to explain the
phenomena of Nature because we needed to know which of all the
possible phenomena are existent in this world and which of the several
possible mechanisms, compatible with the same general law, governed
the production of the phenomena in question. Even though the laws
of Nature were eternal and necessary, the actuality of the phenomenal
world was contingent because the particular implementation of the
laws of Nature was contingent.64 To know which mechanisms God 
had used to make the phenomenon in question, as well as which phe-
nomena God had made, one needed to observe and experiment. In
Descartes’ discourse, the laws of Nature represent the possibilities of
God’s choices of phenomena and mechanisms when making the
actual. In terms of the possibility of human knowledge, observation
and experiment were constrained in terms of what could be made or
manipulated mechanically either in practice or in thought. Descartes’
scientific method was to produce mechanical analogies (or models)
derived from first principles that would produce the same phenomena
observed to exist in the world. Observations and experiments could
then be used to eliminate deduced mechanical models from the poten-
tially infinite set and provide criteria by which judgements regarding
which mechanisms were the actual mechanisms involved in the pro-
duction of the phenomenon in question. By using “empirical evi-
dence” to eliminate deduced possibilities, except one, Descartes hoped
that the demonstrative character of his natural philosophy would be
secured. Experiments and observations were not designed to validate
laws of Nature but rather to select from a set of possibilities and to
show how the general laws applied to particular phenomena. The
purpose of experiments and observation were not to provide data for
the induction of general laws. Descartes’ scientific method was to
deduce possible mechanisms from a priori laws of Nature as proposed
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explanatory mechanisms potentially eliminated via observation and
experiment. These laws were used to deduce the possible explanatory
mechanisms and the purpose of empirical investigation was to elim-
inate all the unexercised possibilities. He proposed that a mechanism,
or set of mechanisms, was at work in producing the phenomena and
machines could be used to determine the truth of any explanation by
attempting to produce phenomena artificially. An understanding of the
mathematically rationalised arts, transformed into mechanical sci-
ences, constituted the basis for an understanding of the productive
capabilities of God. Furthermore, once we understood these productive
capabilities then we too could become more God-like in our capacity
to change and produce things in the physical world. Hence, Descartes
wrote,

we can have useful knowledge by which, cognisant of the force and
actions of fire, water, air, the stars, the heavens and all the other
bodies which surround us – knowing them as distinctly as we know
the various crafts of the artisan – we may be able to apply them in
the same fashion to every use to which they are suited, and thus
make ourselves masters and possessors of Nature.65

Descartes’ natural philosophy intimately bound together the human
capacity to make with the discovery and subsequent implementation
of natural mechanisms. By securing epistemological validity to produc-
tive success, Descartes was able to secure the knowledge of natural
principles to productive skills. Henceforth, he secured the validity of a
theory in terms of the innovation of novel technological powers asso-
ciated with its application, and argued that any failure to implement
his theories in productive practices was possibly a failure on the part of
the craftsman rather than a failure in the theory.66 Newton used
similar arguments regarding his prisms.67 If a prism failed to resolve the
seven-coloured spectrum then Newton would argue that the craftsman
lacked the skills to make it properly. Newton’s definition of a good
prism was that it showed a seven-coloured spectrum. Henceforth,
natural philosophers and scientists were able to make good rhetorical
advantage out of the problem of auxiliary hypothesis. If we cannot
know whether the primary hypothesis was in error, or an auxiliary
hypothesis used in the deduction of observable possibilities from
primary hypothesis or the construction of the experiment to test that
primary hypothesis, then there is not any logical “test” of theory at all.
The failure to implement a theory in practice can always rhetorically
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explained away by using the method of transdiction, criticising the
theory, or by criticising the experiment.

It is important to situate Descartes within social context. In the
early seventeenth century, an influential group of self-professed
mechanical philosophers emerged. These people established a com-
munity of writers dedicated to the establishment of the metaphysical
foundations of mechanical philosophy, the promotion of the growth
of the new mechanical sciences, and the opposition to Aristotelians
and the occult. As well as Descartes, the members of this community
included Beekman, Cavendish, Charleton, Digby, Gassendi, Hobbes,
and Mersenne.68 These men corresponded with each other, reacted to
each other’s work, and formed an international intellectual com-
munity. This community had a formative influence on the next gener-
ation of mechanical philosophers, such as Newton, Boyle, Leibniz,
Pascal, Huygens, and Hooke.69 All of the “natural” philosophies pro-
duced by these individuals were implicitly premised upon the opera-
tional precepts of mechanical realism and mathematically projected
the abstract motion of the six simple machines over all physical
change. This mathematical projection underwrote the subsequent
speculative interpretations of reality regarding contingency and neces-
sity, the nature of matter, cause, and the ontology of the world.
Mechanical realism had allowed the seventeenth century experimen-
tal and mechanical philosophies to be possible. It was then the task of
the natural philosophers to build their speculative metaphysics upon
those precepts. Their disagreements focussed upon concerns about
which speculative metaphysics provided the most intelligible account
of mechanical Nature and squared with their theological commit-
ments. The mechanical world-view was both a speculative and opera-
tional metaphysical world-view. Its explicit assumptions about the
constitution of the world allowed physical inquiry based on mechan-
ics to be possible. These assumptions were emergent during the devel-
oping understanding of, fascination with, and confidence in the
possibilities and potentials of machines. The metaphysics of mechani-
cal philosophy was reduced, in accordance with the limits of the
mechanization of processes, in such a way as to allow machines to
have the power of disclosing natural mechanisms at work. This was
possible because the conceptions of Nature had themselves been
reduced to that of mechanical processes. In other words, the funda-
mental principles of Nature were reduced to be the fundamental prin-
ciples of mechanics and consequently mechanics could be presented
as the means by which the fundamental principles of Nature could be
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discovered. The circle was completed. Physics was the project of the
mathematical projection of the six simple machines over all natural
motion and change.

It was this new philosophical movement that began through the
studies of mechanics, anatomy, and astronomy, during antiquity and
the Medieval, and finally emerged in the sixteenth and seventeenth
centuries as “new sciences”. The (albeit limited) successes of the two
mathematical sciences of astronomy and mechanics inspired the
mechanical philosophers to propose that the motions of the entire
physical world could be completely described in terms of laws, mech-
anisms, and mathematics. The physical world was to be described as
nothing more than inanimate matter in motion in geometrical space
– exactly the same components that comprised the conceptual basis
of the rationalization of mechanical devices. Newtonian natural
philosophy became possible. Newton was able to assert that mechan-
ics should not be limited to the manual arts, but, instead, be used to
investigate “the forces of Nature” and to deduce the motions of the
planets, the comets, the moon, and the sea.70 In Newton’s Principia
we can find a statement of his precepts of presented as the “Rules of
Reasoning in Philosophy.”71 The first rule is an epistemological state-
ment of the natural economy of causes that demands that we limit
our investigation of the causes of natural things to the causes we
identify as necessary and sufficient to explain the appearance on
natural phenomena. Newton presumed that simplicity is a natural
principle and consequently simple explanations were the most likely
to be ontologically true. The second rule is a statement the invariance
and universality of cause-effect sequences and, consequently, we
should assign the same causes to the same effects. Newton’s assump-
tion that Nature is both isotropic and homogeneous is an essential
assumption for all experimental physics because without it the ex-
perimenter could not extend the particularities of any local experi-
ment to the universal level of a law. The third rule is a statement of
methodological reductionism that allowed the universalization of the
properties of bodies from those properties identified through experi-
mentation. This assumption was necessary for Newton to assert that
“the qualities of bodies are only known to us by experiment” whilst
simultaneously allowing the qualities determined through experi-
mentation to be informative about bodies upon which an experiment
has not been performed. These rules display considerable continuity
with Galileo and Descartes’ precepts. In order to understand their
connection with mechanical realism we need to examine their
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context of application. Newton founded geometry upon mechanics
and told us that it 

is nothing but that part of universal mechanics which accurately
proposes and demonstrates the art of measuring. But since the
manual arts are chiefly employed in the moving of bodies, it
happens that geometry is commonly referred to their magnitude,
and mechanics their motion. In this sense rational mechanics will
be the science of motions resulting from any force whatsoever, and
of the forces required to produce any motions, accurately proposed
and demonstrated.72

For Newton, all causes of motion were mechanical causes and, conse-
quently, his rules of reasoning are a statement of the precepts of
mechanical realism. Hence the mechanisms disclosed through the
mathematical projection of machines could be taken to be both the
universal mechanisms of Nature and as methodologically available for
transdiction.

Similar views can also be found in the works of Robert Boyle and
Robert Hooke. Boyle sought to explain cold, heat, magnetism, and all
other natural phenomena in terms of mechanical principles. For
example, Boyle wrote

That which I chiefly aim at, is to make probable to you by experi-
ments, that almost all sorts of qualities… may be produced mechan-
ically; I mean by such corporeal agents as do not appear either to
work otherwise than by virtue of the motion, size, figure, and con-
trivance of their own parts (which attributes I call the mechanical
affections of matter).73

This is also evident in the case of his development of the air pump 
as a means to disclose the fundamental nature of (already presumed)
homogeneous and isotropic space as a vacuum (or void). Once the
technological innovation of this device was established (transformed
into a reliable technological means of disclosure) then subsequent
innovations and modifications could be woven into the social fabric of
material science. This weaving was rhetorically secured to Boyle’s
natural philosophy via the public success in establishing the air pump
as a repeatable technological device. The truth of theory was hence-
forth deferred to its future implementation in productive practice. The
knowledge obtained from constructing and performing experiments
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was itself provisional on its use in the construction and operation of
future experiments.74 The epistemological criterion for any knowledge
claim was that it could be instrumentally functional in the subsequent
innovation of further machines. This epistemological criterion be-
came central to the whole methodological enterprise of experimental
physics. Hooke described his “natural philosophy” as the real, the
mechanical, and the experimental philosophy.75 He advocated the
transformation of “natural philosophy” from the observational, experi-
ential, and categorical, into a process of making interventions into
natural entities and processes using instruments and machines to
produce explanations of the sensible phenomena of experience in
terms of fundamental mechanical interactions. Hooke’s experimental
mechanical philosophy was premised upon an intimate relationship
between mathematics, natural philosophy, and machines. Hooke fre-
quently used machines to present illustrations of “the common rules 
of mechanical motions” that he assumed were the mechanical prin-
ciples of Nature. Newton, Boyle, and Hooke’s natural philosophies
represented machines as having explanatory power about Nature. 
They were able to assert the dream of deriving the rest of the phe-
nomena of Nature from the same kind of reasoning from mechanical
principles.

Once the status of mechanics had been transformed from a banausic
art to a natural science, by the mathematical projection of the six
simple machines as geometrical demonstrations, then those first prin-
ciples could be presented as “eternal and necessary truths”. In combi-
nation with the mechanical realist metaphysical premise that “natural
causes” were efficient, this transformation allowed mechanics to be
naturalised. The distinction between the artificial and the natural 
was dissolved for particular aspects of technology: the fundamental
principles of mechanical motion. That was subsequently taken as self-
evidently true and there was not need of any further metaphysical
argument. Once this had been achieved then the ontology of experi-
mental physics, based on mechanical apparatus, could achieve an epis-
temological legitimacy as a means of disclosing truth. Mechanical
realism had become techno-ontological: it was a means of disclosing
the truth and nature of beings. The “scientific revolution” of the six-
teenth century was the mechanists’ revolution that was founded upon
the establishment of mechanics as a mathematical science and was
directed towards the establishment of the epistemological legitimacy of
mechanics as a natural science. The establishment of this legitimacy
involved a transformation of the conceptions of matter, cause, natural
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necessity, and the dissemination of the mechanical world-view, in par-
allel with rhetorical appeals to the practical successes of mechanics.
The reduction of the lived-world to the mechanical world required a
distinction between primary and secondary qualities, a distinction
between those properties possessed by material bodies and the effects
due to the interaction between material bodies with human sense
organs and minds, to account for the fact that human experience is
not of a mechanical world (an accounting that was itself a transdic-
tion) and also provided the possibility of a mechanical account of
human perception. It required a fundamental transformation in the
conception of the human body. With the increasing interest in the
development of the mechanical sciences in seventeenth century
Europe, for the purposes of enhancing technological powers, the dis-
courses of mechanical natural philosophers become dominant. Once
this occurred then the path was cleared for the notion of “mechanism”
to become the dominant explanative trope. This monolithic explana-
tory strategy was symptomatic of the accelerated mechanization of
European social organization towards the monolithic goal of achieving
technological advantages for the competing European social elites. This
transformation was a profound shift from the contemplative scholarly
logic and poetics of Aristotelian natural philosophy towards the con-
struction of mathematically rationalised machines and novel techno-
logical powers. Contemplative and scholastic Aristotelianism had
become obsolete and irrelevant.76 Henceforth, technological innova-
tion led the discovery of truth and modern experimental physics is
directed by the “how does it work?” question. By directing research
towards the identifications of the “workings” of the causes of the phe-
nomenon in question, modern experimental physics equates “the real”
with “the mechanism”. Thus modern experimental physics requires a
tri-partite ontology: (1) what is moved (the object); (2) what moves it
(the mechanism); (3) what governs or describes that movement (the
law). By presupposing mechanical realism, modern physics operates
upon a conception of the unity of its object (Nature), a unity of its
means (the methodology), and, consequently, is able to present itself
as a unified science aiming to disclose natural laws. The ontology of
the part of the world presented by modern physics as Nature, the
complex of machines, has only extended itself. The tri-partite ontology
of physics has remained invariant in its structure throughout this
extension, and its content only varies according to which particular
type of machine (with its associated mechanisms and laws) is under
investigation.
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This ontology reveals the extent that episteme has been transformed
by modern physics in order to be presented as a techneic answer in
terms of general and abstract causal principles which take the form of
mathematically abstracted mechanisms. Techne as a directional princi-
ple and episteme as a directional principle have converged. Techne has
become naturalised and episteme has become mechanised. The single
point of distinction between these two is that the former has the
experimenter as the efficient cause and the latter has “the inner work-
ings of Nature” as the efficient cause. The work of modern physics is to
generate a praxis that removes the experimenter from the account.
What is left is then taken to be non-human Nature. This work can 
be done because nonhuman Nature has been constructed as the math-
ematically abstracted workings of nonhuman machines. This is the
methodological work of mechanical realism. The machines themselves,
through mathematical abstraction, have been removed from the
account and the transformed techne is presented as episteme. This meta-
phorical substitution allowed two important desires to be offered a
source of satisfaction. The first was the possibility of a comprehensible
world picture of the world, human beings, and how human beings are
situated in the world. The second was the promise of novel experiences
and novel powers as the fruit of human labour and skill at making. The
mathematical science of mechanics offered the second; the mechanical
world-view promised the first. Furthermore, the conflation between
techne and episteme in experimental physics is the transformation of
the ideals of the human character: Bacon’s dream for the human char-
acter was that of a rational material agent whose primary function was
to labour, and whose reward would be new powers and new challenges
for labour. The emergence of experimental physics, as a continuation
of the ancient and medieval mathematical treatments of mechanics,
was situated, from its onset, within a cultural desire for organised and
innovative technological powers. The wide acceptance of the new
science did not occur because of the predictive success of Copernicus
and Kepler’s mathematical treatments of planetary motions. There is
not any possibility of experimenting upon planetary motions (at least
not yet) and the predictive successes of Copernicus’ system over the
Ptolemaic system were very much exaggerated.77 Experimental physics
was primarily accepted because of its successful association with the
innovation of mechanical devices within societies that valued the eco-
nomic, political, and military advantages of technological innovations.
Appeals to the successes of mathematical astronomers were rhetorically
connected to the successes of mechanists, as part of the movement
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towards a unitary conception of natural science. This occurred within
the cultural context of patrons for which the mechanists were pro-
viders of technological innovations for economic, political, and mili-
tary goals.78 The precepts of the mechanical realist metaphysics were
required (at least implicitly) to conceptually connect, via the mathe-
matical science of mechanics, the astronomical phenomenon of plane-
tary motion with terrestrial mechanical devices, and present both as
aspects of a unitary natural science. The mechanical science of Galileo
was the culmination of Medieval and Renaissance developments of
geometrical mechanics and technological innovations; it was not the
radical break from his predecessors that it has been presupposed to be.
However, his physics presumed and attempted to justify the precepts
of mechanical realism, and it was this presumption and attempt 
that was novel, heralded the “mechanical world view” of seventeenth
century mechanical and experimental philosophies, and was a pre-
requisite for conceptions of modern scientific technology and modern
experimental physics.
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4
The “Making” of the Ground-Plan
of Nature

Thomas Kuhn argued that two distinct “traditions”, the mathematical
and the empirical, emerged from the mechanical philosophies of the
seventeenth century.1 Margaret Osler, following Kuhn, argued that
these two “traditions” exemplified and manifested themselves in terms
of two distinct styles of scientific practices governed by distinct meta-
physical and epistemological assumptions.2 Osler termed these styles as
“conceptual frameworks” which differed in the emphasis that they
placed on empirical evidence and mathematics in their interpretations
of natural phenomena. She argued that they emerged from two dis-
tinct theological traditions, exemplified by in Gassendi and Descartes’
natural philosophies, in the latter part of the seventeenth century.
Gassendi argued that all natural phenomena could be explained in
terms of atoms of inanimate matter and their motion in geometrical
space. This speculative metaphysics, based upon the ancient atomism
of Epicurus and Lucretius, postulated that the Universe is composed of
atoms and the void. Gassendi argued that atoms possessed the qualities
of size, shape, and heaviness, and consequently cannot be described in
terms of a priori knowledge. His theory of natural philosophy was based
upon measurement and also the assumption that essences were know-
able only to an absolutely free God. On the other hand, for Descartes,
size, shape, and location, were the primary qualities and, since these
were all geometrical properties, then the essence of a material object
could be known through mathematical reasoning. God, being perfect,
was unchanging, and therefore, the mathematical laws of the Universe,
created by God, were themselves perfect and unchanging. It was 
not a question of whether God could change these perfect laws. 
Once God had created the laws of Nature then God would not change
them. It was for this reason that Osler considered the development of
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mathematical and empirical traditions to be a consequence of the
Descartes vs. Gassendi theological arguments on God’s relation to
natural laws and necessity.

I agree with both Kuhn and Osler that the “empiricists” tended
towards practical problem solving, whilst the “rationalists” tended
towards the development of grand theories. However, mechanical
realism was presupposed by both approaches and, in my view, both
Osler and Kuhn missed the unitary essence that connected these two
dimensions. Mechanical realism had been used to justify the reduction
of the experienced world into mechanically accessible properties that
could be mathematically projected over parts of the world and pre-
sented as the whole world. Once mechanical realism had become
established (which it certainly had become by the latter part of seven-
teenth century) then, both mathematics and observation had become
integrated through technology into experimental and mechanical
natural philosophy. Experimental apparatus, as means of disclosure,
were based on the interaction between mathematics and mechanics.
The content of both mathematics and experience had been trans-
formed by the mechanical realist precepts and the techniques utilised
to disclose “natural mechanisms”. Empirical evidence was restricted 
to variables and quantities that in principle could be measured using
mathematically rationalised and calibrated technological devices
(scientific instruments), even though it was not necessary that they
were actually measured in practice. Mathematical treatments were
limited to forms that could be both abstracted from mechanical
devices and used instrumentally in the design, building, operation, and
interpretation of such devices. These two conceptual frameworks were
derived from the same mechanical realist metaphysical precepts and, as
such, were the two dimensions of the same technological framework
and did not constitute distinct metaphysical positions. The mathemat-
ical dimension was more apparent in the grandiose mechanical realists,
such as Descartes, Galileo, and Newton. Their problems involved devel-
oping a mathematical description of the entire Universe, whereas the
practical dimension was more apparent in the modest mechanical real-
ists, such as Boyle, Pascal, and Newcommen, whose efforts were direct-
ed towards developing particular machines in order to solve particular
problems. The degree of difference in attitudes regarding the new
science and its possibilities constituted distinct teleological positings
within the same technological framework. As such, this difference is
indicative of a spectrum of dispositions regarding the question of what
could be achieved with the new physics rather than necessarily consti-
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tuting distinct formally assumed metaphysical positions. Without a
formal metaphysics, dispositions do not form conceptual frameworks
about the world, even though they may well be formally transformed
into them, but, rather, constitute different tendencies towards acting
within the world. It is for this reason that I agree with Hacking that the
word “style” is not that helpful in characterising the difference
between “rationalism” and “empiricism”.3 In my view, “priority” con-
stitutes a clearer term for discussions of the distinction between practi-
cal problem solving and grand cosmological theorising. The term
“style” should be reserved for the writing and presentation practices,
which have been developed to convey scientific narratives.4

Due to influence of the science of mechanics on the mathematical
and technological template of the new physics, neither priority could
be placed under experimental test in terms of the other. Any experi-
ments devised to facilitate such a decision would require the very
assumptions that were being “tested”. Both priorities were based on
mechanics, assumed mechanical realism, and consequently there was
not any mechanical means, either in deed or thought, by which a deci-
sion could be made as to the superiority of the one approach over the
other. Both the so-called empirical and the mathematical traditions
were dimensions of the same technological framework in such a way as
to centre the distinction between the priority of the usefulness of
mathematics to experiment or of experiment to mathematics. Either
way, the central constraint was that of the mechanization of any
hypothesis or proposition. It is this two-fold dimensionality that is
central to experimental physics. These two dimensions are evident in
Newton’s approach in Principia. Newton was an “empiricist” in so far
as he argued that all facts should be induced from experiment and re-
evaluated in the light of further experiments. He was also a “rational-
ist” in so far as he argued that the demonstration of any truth should
be deduced from mathematical first principles. It is also evident in his
Opticks, where the lens is itself reduced to an optical lever that
mechanically operates upon (otherwise) rectilinear rays of light. This 
is also evident in treatments of the phenomenon of polarization,
which is treated in terms of the wheel and the lever template. It is
evident in the eighteenth and nineteenth century studies of mech-
anics, optics, thermodynamics, and electromagnetism. How can mech-
anical machines, optical machines, thermodynamic machines, and
electromagnetic machines be characterised in such a way as to reveal a
general principle by which practical experiments and mathematical
theories can be linked and shown to be manifestations of the same
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technological framework? It is my argument that this general principle
was the methodological princi-ple of mathematically projecting the
abstracted motions of the six simple machines over all subsequent
kinds of machine. This is done during the innovation of those
machines as stable and repeatable disclosures of mechanisms whilst
maintaining their distinction in relation to the kinds of materials from
which those machines were built. These distinct areas of physics all
operated by reducing the motions of their respective objects to that of
circles, anti-parallels, orthogonal reflections, levers, screws, and push-
pulls. However, these distinct areas of physics cannot be reduced 
to one another because they involve distinct sets of stabilised mech-
anical processes using distinct kinds of materials. The metaphysics of
mechanical realism allowed machines, as the concrete object of
research, to become invisible as a means of disclosing natural mech-
anisms. It is when those disclosed “natural mechanisms” have been
utilised in future productive activity then they considered to be
“tested”. Modern scientific research achieves progress by successfully
implementing explanatory theories within the technological frame-
work of the innovation of new kinds of machine and technological
power.

Setting-up the ground plan

Heidegger’s analysis of the characteristics of the modern age held “the
world picture” (Weltbild) to be central.5 In this context, Heidegger used
the word “world” to refer to “what is, in its entirety” and used the
word “picture”, not in the sense of a copy or imitation, but, rather, in
the sense of the colloquial expression “get the picture”, to capture the
way that we grasp the matter in question. “The world” in this case, in
place before us, as a representation, and all that belongs to it and
stands together in it, is a system, in such a way that we are acquainted
with it as something that we are equipped and prepared to deal with.
Thus “the world picture” was presented as that which we are prepared
for and which we intend to bring and set in place before us as some-
thing conceivable (graspable). This setting in place, representing, of the
world involves an essential decision regarding what is, in its entirety. It
is an anticipatory act of mathematical projection. It was this setting in
place, as something objectively before us and at our disposal, that was,
for Heidegger, characteristic of the modern age. There was not an
ancient or medieval “world picture” that was transformed into the
modern; having a “world picture” at all is characteristic of the modern
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age. This “picture” was produced in such a way that it represents,
gathers, and orders to us an image of the world that affords us the posi-
tion of articulating, securing, and organising a “world-view”. This
allows us to measure and draw up the guidelines for everything that is
in accordance with our power for the planned calculation and manipu-
lation of all things. It was this picturing which provides a graspable
picture of the world in which the self can be situated as the one who
grasps and science “is one of the pathways upon which the modern
age races towards fulfilment of its essence, with a velocity unknown to
its participants.”6 As such, in my view, the mechanical realist meta-
physics of modern science and modern technology underpinned this
foundation for the modern age and is a central participant in the set-
up and trajectory of modern culture. However, this still leaves us with
the question of how a “world-picture” connected theoretical and mate-
rial practices. How was the “world-picture” mathematically projected
over phenomena, in such a way as to make them graspable and calcu-
lable in advance, in terms of mechanical principles? How are theories
and experiences connected within the technological framework of
experimentation?

Modern experiments are technologically sophisticated projects
involving a wide range of techniques, practices, machines, tools, tacit
skills, and knowledge. The objects experimented upon, such as “elec-
tromagnetic fields”, “paraelectric materials”, “photons”, “nuclei”,
“quasi-particles”, “electrons”, “quark-antiquark events”, “superfluids”,
etc., require techniques and machines for their production, observa-
tion, and manipulation. Without those techniques and machines we
would not be “aware” of these objects at all. The relationship between
scientific experience and these “invisible” objects occurs by transform-
ing the macroscopic objects of everyday experience into a means of
disclosure. Physicists are concerned with macroscopic objects, such as
machines, because these technological objects disclose the underlying
causal mechanisms in operation in those machines. The object of
scientific inquiry is not the machines themselves but, rather, the
techno-phenomena that are produced by those machines. The properties
of superfluids, the dynamics of phonons in crystals, the thermal capac-
ities of metals, the properties of lasers, superconducting materials, solar
neutrinos, the polarization of light, etc., are all complex objects which
are only disclosed through the mediation of machines, theories, and
techniques. The establishment of scientific facts and theories about
such objects requires putting techniques to work. The machines, theo-
ries, and techniques put to work to make investigation of these objects
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possible, mediate experiences of these objects. The observational aspect
of experimental work involves the active technical use (and modifi-
cation) of theories, methods, and techniques. It is complex and there is
not any possibility of being able to disentangle theories, techniques,
and observations, except in hindsight through reconstruction. Take
He-3 for example. Experimenters in Ultra-Low Temperature Quantum
Physics, for example, do not directly experiment upon “natural”
helium. He-3 is an isotope of the element helium and is itself a product
of technological processes. It is the by-product of the nuclear weapons
industry and (to a lesser extent) the oil production industry. What the
physicists experiment upon is a purified sample of He-3 extracted from
these industrial processes. By what standard is “purity” defined here?
“Purity” is defined in terms of an established technique of purification
and, in order to know whether a sample is pure or not, the experi-
menters must do so in relation to that technique. This anticipates what
the essential properties of He-3 are and that which passes through the
template will be defined as “pure” He-3 in accordance with its func-
tionality. Thus helium is transformed from a “natural substance” 
to a technological product, its properties defined via techniques and
machines, and it is the functionality of He-3 that is experimented
upon. This functionality is defined in terms of “natural properties”
because the purification technologies have been naturalised as a means
of disclosure. In addition, the properties of He-3 disclosed by the exper-
imental apparatus used by ultra-low temperature physicists are only
those that can be disclosed using experimental techniques such as dilu-
tion refrigeration and voltage resonance, for example.7 Anything else
will remain unobserved. The observed responses of He-3 to the inter-
ventions of the experiment are experienced as the set of techno-phe-
nomena of the theoretically interpreted interactions between the
apparatus and the technological product He-3. Furthermore, He-3 is
studied by physicists for the sake of understanding the quantum prop-
erties of superfluidity at ultra-low temperatures and is transformed in a
set of techno-phenomena for use in the technological framework of
the experiment as a means of disclosing these quantum thermody-
namic properties. They are understood by the physicists to be realiza-
tions of the transfactual quantum mechanisms that are independent
from He-3 and are otherwise swamped by impurities and higher energy
interactions. He-3 is used as a technological object to disclose these
subtle mechanisms because it is taken to be the bounded technically
rational choice on basis of its functionality within the technologies at
the physicists’ disposal.

112 On the Metaphysics of Experimental Physics



The scientific experience of any techno-phenomenon is itself medi-
ated by a set of technical interventions and interpretations of how they
have been disclosed. The content of any such experience is dependent
upon the kind of machine within which it occurs and, as such, it is
dependent upon interventions and interpretations made during the
historical construction of that kind of machine. For example, an “elec-
tromagnetic field” is a techno-phenomenon that is not only dependent
upon the existence of electromagnets and “electric current” production
machines (these, in turn, are dependent upon metal production tech-
niques and chemistry, and so on) but is also dependent upon the prac-
tices within which it obtains its meaning. This involved innovating
and utilising specific techniques, representations, and interpretations
of how machines such as electromagnets work. The electromagnet is a
technological object available to produce an “electromagnetic field”
only as the result of considerable efforts by experimentalists such as
Oersted, Davy, Faraday, et al. It was disclosed through a long historical
labour process involved in producing and integrating interventions
and representations together, into a single unified technological object
available for use. However, contra Hacking, we cannot base a realism
upon this stable instrumentality. The performance of any technologi-
cal object, as a productive object, is itself dependent upon explanatory
accounts of that performance and what it has been taken to produce.
Thus “spraying electrons on mobidium spheres” is an act of inter-
pretive reference to a manipulative technique made in relation to a
machine built in order to disclose “fractional charge”. “Fractional
charge” is itself an index for a set of particular machine performances
that would achieve their theoretical significance, as instances of “free-
quarks”, through the embodiment of theoretical significance in the
selection of techniques and technological objects collected together to
construct the machine in the first place. The teleological positings and
anticipations that pre-empted the experiment from the onset shape 
the interpretations of performances of such machines. It does not
follow from the stability of those machine performances that the inter-
pretations of them are correct. That is the very question at stake. 
Given the interpretive dimension to machine performance, technical
accounts, techno-phenomena, and technological objects should not be
divorced from one another. Techno-phenomena, such as the “electro-
magnetic field”, are defined in terms of what they do, their functions
and interactions in specified contexts, and, as such, the concrete char-
acter of their performance is inextricably bound-together with techni-
cal interpretations of that performance. The “electromagnetic field” is
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neither purely abstract nor purely concrete. It is both. The performance
and accounts are made “hand in hand” through their concrete im-
plementation in the particularities of material practices. Each techno-
phenomena is a set of complex machine performances (voltages,
time-signals, frequency resonance, etc.) unified under a single index
(i.e. electron, charge, repulsion, energy gap, field change, etc.) in such a
way as to link theoretical interpretations with technical interpretations
of those machine performances. As Gooding pointed out in reference
to Faraday, physicists do not respect a neat distinction between con-
templative, theoretical aspects of practice on one hand, and instru-
mental and material practice on the other.8

Of course the scientific realists and positivists will object at this
point: Does not lightning produce an electromagnetic field? That is the
question. Without wanting to conflate epistemology with ontology, I
would like to ask another: How do we know that lightning produces an
electromagnetic field? “Physicists have measured it!” reply the scien-
tific realist and the positivist in unison. Therein lies the rub. How have
physicists measured “it”? How is scientific research done in practice?
For Heidegger, the first essential characteristic of research is the pro-
jecting a “ground plan of natural events” over Nature in such a way as
to sketch out, in advance, the sphere of research in which procedure
can operate and provide knowledge.9 How is this done? Heidegger did
not give any account of this. How are the sphere of research and proce-
dure connected by the advance sketching of a fixed ground plan of
natural events? The work of Faraday provides a very good example of
the establishment of this connection. Gooding’s work shows that the
development of the stable communicable results of the work by
Faraday et al. is a history of the considerable effort involved in the
development of stable craft practices and representational techniques.
Gooding argued that the experimenters were engaged in a process of
developing communicable and stable representations that enabled rea-
soning and skills by conferring meaning upon actions, materials,
instruments, and procedures. He deconstructed the orderly reconstruc-
tion of the post-experiment narratives of the nineteenth century physi-
cists, which are presented in publications of results and notebooks, in
order to recover the processes involved in generating order in the face
of the phenomenal chaos of novelty. His analysis showed that these
narratives and representations emerged as a result of non-verbal mater-
ial practices directed towards the construction of cognitive representa-
tions through the refinement of those practices. He argued that the
theory of electromagnetism was made, rather than discovered, and it
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has no fixed, independent, essential Nature that can be accessed inde-
pendently of the manipulations that are involved in the development
of stable practices and representations. He also argued that the phe-
nomena disclosed by Faraday et al., and the effects that these physicists
encountered on the way to producing those means of disclosure, 
are not “mere fictions” either. He proposed a convergence theory of
agency, which he termed “asymptotic realism”, in which experimental
and theoretical practices converge when both types of practice achieve
practical success in making models that enable action and communica-
tion. He used the analogy with the mathematical asymptote to convey
the point that at no time is an independent Nature touched.10 This
convergence is directed towards the innovation of stable, reasoned,
material practices and experiences of producing novel phenomena. 

Experimentation occurs through planned interventions upon objects
in the world that are guided by the experimenter’s conception of the
object and the world. Through progressive actions, the object, the
conception of the object (and the world), and the experimenter’s con-
ceptions of how to intervene are transformed. Experimentation
dynamically creates new phenomena and conceptions of the projected
plan of action. Through experimentation, objects and the dynamic
process are brought into being. It was this view of the dynamic, cre-
ative, and technically rational process of experimental science that
seems to have put Gooding in opposition to scientific realism.
Gooding’s use of the term “asymptotic realism” to describe the psy-
chologism that results from the achievement of stable processes of
refinement seems to belong with the realist notion of “approxima-
tion”, but what Gooding has done is to highlight the extent that 
the notion of “approximation” is itself only meaningful within the
context of both a history of refinement and also a projected future to
an unattainable limit. Experimentation aims at objective knowledge, 
but what constitutes such knowledge, and rationality itself, must be
learnt along the way. A change in experimental practice may involve a
change in understanding as to the nature of knowledge and its method
of acquisition. Furthermore, any understanding of any measurement
can only be developed, through experimentation, in relation to an
understanding of the techniques by which that measurement was
made. It is for this reason that statements of the degree of precision
(and confidence in those statements) are linked to evaluations of the
sensitivity and “cognitive value” of the techniques used. This remains
perpetually open to future refinement and transformation. In my
terms, this reveals the extent that mechanical realism is a projection of
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the metaphysical anticipation of the becoming of the “bringing-forth”
of a perfection that is never achieved in practice. It is in this context
that the goal of experimental practices can be taken to be the achieve-
ment of its own techne. Objective knowledge is an imagined ideal that
is associated with techne on the horizon of a projected anticipation of
the causal explanation of the results of material practices. The idea of
experimental physics exploring a reality independent of it is only pos-
sible from a removed and abstract level of anticipating the theoretical
understanding of the completed process of production. However, the
completion of this work remains perpetually deferred in favour of 
the challenge of developing a deeper understanding of the process 
of production as experimenters attempt to realise reasoning and
manipulative possibilities in future experiments. 

Progress in research is a technical, functional, pragmatic, revisable,
and creative goal of all scientific activity directed towards a perpetually
emergent and idealised anticipation of objectivity. Claims to increased
accuracy in measurement are based upon theory-dependent techniques
and they cannot be compared to any absolute standard. The pragmatic
justification of such claims is based upon the convergence between
theoretical and experimental practices in which the measured quantity
is involved. The basis for pragmatic judgements of convergence are
based upon a conception of rationality in terms of a bounded and
evolving technical rationality that was directed towards the ideal
achievement of complete causal account of the activities of experimen-
tal and theoretical practices. Consequently, the standard by which
scientific practitioners judge their own objectivity is in reference to
“the cognitive value” of their own judgements within an instrumental
context of “making”. This objectivity requires a social agreement
between all (similarly placed) experimental practitioners and is made
through the innovation of novel modes of reflection, discourse, repre-
sentation, and material practice (and not through immediate intu-
ition). This has nothing in common with the immediate experience
required by philosophical empiricism for knowledge. Scientific experi-
ence is circumscribed as being that which is disclosed through publicly
accepted techniques of manipulation and representation. Objectivity,
as a socio-technical pursuit, stands in opposition to the “self-evidence
of experience” because it must be demonstrated to another by using a
mutually understood technique. Experimental physics, as a historical
phenomenon, is itself constantly undergoing change, in its theories,
objects, and techniques, and change is an essential part of the rational
process of scientific inquiry. Subjective experience may well have a role
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in instigating change but that change could not become part of science
until it had been publicly justified via accepted techniques. Thus an
observation made by an experimenter can only become part of science
once it had been justified to the experimenter and others in terms of
repeatable observational techniques.

It seems to have been for this reason that Gooding rejected the posi-
tivists’ appeal to perception, because what was required for “objectiv-
ity” and “rational discourse” was a justification of any perception made
in relation to technique. Even at the level of measurement there is
always the possibility of future refinement and the development of
new techniques and instruments. There is no such thing as “fixed
data” because “data” is acquired through the use of techniques and
there is no such thing as a technique that cannot be refined. Empirical
inductive reasoning requires the applicability of concepts to objects
and, thus, if empiricism is to be successful, it requires the successful
and complete refinement of those concepts in relation to the objective
world. However, on Gooding’s account, such a process of refinement is
never complete and the empiricist is dependent upon the work of
others. His argument against positivism (and classical empiricism) was
that they have misunderstood the practicality of theorising, neglected
the relevance of knowing-how to knowing-that, and that the interde-
pendence of know-how and know-that is just as necessary to defending
empirical claims as it is to explaining their origin. Experimenters are
not engaged in simply (and passively) registering what is objectively
the case because they are actively using techniques, and making judge-
ments about which technique to use, when performing experiments
and making observations. It is for this reason that experimenters write
down accounts of which techniques they have used. Scientific journals
would not accept a paper that merely recorded “observations” without
reference to techniques. Experimental observation requires the devel-
opment of observational skills and if others are not able to acquire
these skills then it is unlikely that the experimental observations will
be widely accepted. Consider the case of “cold fusion”. Fleischmann
and Pons were unable to publicly provide a repeatable technique of
how to observe “cold fusion” and, consequently, the validity of their
work was brought into question. Collins also made this point about
experimental efforts to observe gravitons (and also emotional res-
ponses in plants).11 The experimenters’ inability to publicly provide a
reliable observational technique undermined the public confidence in
their observations. When physicists attempt to experiment upon novel
phenomena they need to be able to understand one another and so
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agree about the object of their investigation. This involves coming to
an agreement about what phenomenon is under investigation, what
they want to learn about it, and how to proceed to learn that. These
decisions are made as the investigation proceeds and are not com-
pletely fixed in advance. Experimenters learn how to articulate their
experiences of novel phenomena along the way of experimenting
upon them. Experimental investigation involves the progressive organ-
ization of the research, the techniques, the resources, and the des-
criptions of experiences.

It is only at the point of the asymptotic (unreachable) point of per-
fection that the object under investigation could be considered to be
completely understood, absolutely stable, and functionally repeatable.
However, working scientists do not require this impossible degree 
of rigor before they consider an object to be understood. They tend 
to consider an object to be understood when it becomes a stable 
and robust technological object available for future use. It ceases to 
be an object for experimental investigation, except as an object used 
to investigate other objects, and, in Heidegger’s terms, it becomes
standing-reserve. Even when a novel experimental phenomenon is not
theoretically understood it still can be known under publicly available
technical descriptions. Both the intentions and the techniques impli-
cated in the experimental set-up (the construction of the experiment,
its operation, and its theoretical significance) can be known without a
complete theoretical description of the phenomenon. Otherwise there
would not be any point in performing the experiment. Nor would the
experimenters be able to anticipate the phenomenon and devise a plan
of action. For Heidegger and Gooding, experimentation is founded on
a projected plan of action, which anticipates the phenomenon because
novel phenomena require novel forms of communication and repre-
sentation in order to reassure the experimenters that they are experi-
menting upon the same thing. This involves producing agreement
about the methods of experimentation and also about what was expe-
rienced when those techniques were implemented. As Gooding argued,
if we are to grasp what a scientific object is (i.e. an “electromagnetic
field”), as an object of knowledge, then we need to know how that
object has been cognitively engaged with and how cognition was
achieved. At each stage of experimental research, the experimenters
publicly tie together techniques (both manipulative and representa-
tional) and techno-phenomena that are brought into the public realm
through those techniques. This involves a progressively developing
refinement of “the ground-plan of Nature” as part of the reiterative
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process of drawing up a plan of action for how the research is to
proceed.

For Heidegger, by projecting the ground plan, procedure is provided
with a set of objects (an object-sphere) appropriate to that procedure. An
example of an object-sphere would be the phenomena under investiga-
tion during an experiment on electromagnets, such as coils, wires, bat-
teries, and magnetic needles, and the deviations in magnetic needles
when they are moved adjacent to the connected wires. The procedure
would be set of techniques for connecting these objects, investigating
the contours of the deviations, and mapping them. Modern physics
anticipated and projected the plan required for the procedural knowl-
edge of Nature and defined rigour in terms of its exactitude because it
must restrict itself to calculate with precision and remain within the
object-sphere. Nature, anticipated by the projected ground plan, became
the “self-contained system of motions of units of mass related spatio-
temporally.”12 In the Newtonian system, motion was defined as the
homogeneous and isotropic change of position in a projected grid of
space and time, while force was defined in terms of the magnitude of
change of position in this grid. Every event in Nature was defined in
advance as an event only in terms of how it could be made visible
within this projected ground plan. The projected plan was guaranteed by
restricting research to the projected plan in every one of its questioning
steps. All events had to be defined as magnitudes of motion and changes
of motion within the projected grid of space and time that were quanti-
fiable through measurement and calculation. In this respect the experi-
ments in electromagnetism were a continuation of the template of the
Newtonian system. However, what Heidegger failed to appreciate was
the fundamental novelty of those experiments. The Newtonian system
of dynamics was the product of the Galileo’s abstraction and projection
of the six simple machines within the Euclidean grid of space and time.
The electromagnetic machines of Oersted, Davy, and Faraday were not
the mechanical devices familiar to Galileo and Newton. They were a
novel machine-kind. Did they require a novel ground plan? Was
Heidegger too much in the sway of Newton (and Heisenberg, for that
matter) and the view that physics is a mathematical science? After all,
Faraday is famous for not being trained in the use of mathematics and
for being an exemplar of a modern experimental physicist. Was Faraday
an exception? Or does Faraday show that physics is not actually mathe-
matical in the common usage of the term? How did Faraday project his
ground plans? In order to answer these questions we need to take a
closer look at how Faraday developed representational techniques.
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Construals, technographe, exoframing, and mathematical
practices

Gooding analysed the processes by which Faraday was able to visualise
“invisible” phenomena in terms of construals.13 Gooding’s argument
was that experimenters intervene in “the natural world” and construe
their experiences to create the correspondence of representations to
experience. Observers with different theoretical predilections can agree
about salient aspects of the phenomena whilst disagreeing about their
theoretical significance. How? Exchanging tentative visual and verbal
constructs about “the observed” and how to make observations negoti-
ates agreement between similarly place observers. Observers publicly
construe and re-construe their experiences in relation to the construals
of other peoples’ experiences. Construals are pre-theoretical, practical,
situated, and visually representative means of interpreting novel experi-
ence and communicating trial interpretations. For example, when we
picture and describe light as “rays”, “waves”, or “vectors” when show-
ing someone how to observe the polarization of light through filters
then we are using construals. They are a tentative and public means of
visualising and describing an otherwise “invisible” phenomenon (i.e.
the motion and axes of light). Construals permit observers to have
common (commensurable) experiences of phenomena. The acts of
making novel experiences of novel interventions intelligible, such as
the motion of a magnetic needle around an electric wire, need to be
ordered, either in “real space and time, by moving a real needle around
a real disc” or in an imaginary geometrical space.14 The visual record, in
drawings, sketches, and geometrical diagrams, provided the means by
which personal experiences could be construed in a form available to
public experience. As a form of making order of real-time processes,
construals provided the content of the ground plan projected over 
the phenomena during the setting-up of further experiments. In the
case of the early experiments, this ground plan was not the motion of
points of mass upon a space-time grid but, rather, the construed motion
of the tips of magnetic needles, iron filings, and electric wires upon a
space-time grid. This was the projection of a new machine-kind. It
involved the space-time mapping of the interactions between moving a
needle around a wire and the movement of that needle in response. It
involved mapping-out these novel contours of human interventions
and machine performances within the technological framework of 
the mathematical projection of the six simple machines over a new
collection of objects. The construals that were used to map out these
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contours were circles, tangents, arrows, push-pulls, rectilinear motion,
anti-parallel motion, and skew motion of the magnets moved near
wires and coils. This projected ground plan was essential for the trans-
formation of a magnetic needle into a technological object. It could
become a probe (or a sensor) and its construed motions could be re-
described in terms of “sets”, “tendencies”, “pointing”, “dipping”, etc.

Gooding observed, in reference to Faraday’s notebooks, that Faraday
was aware of the problem of recollecting how he had construed previ-
ous experiences.15 Faraday devised a tactic to deal with this problem.
He invented instructions, techniques, on how to construe his previous
construals in such a way as to make those experiences stable and
repeatable. For Faraday, construals were the interpretive possibilities of
motion. These developed against a background of the regularities that
he learned to produce. The construals of motion – as provisional and
flexible interpretive possibilities – can be compatible with several theo-
ries or with none. They enable the earliest (pre-theoretical) stages in
the interpretation of novel phenomena and have a heuristic function
as a technique for exploring an emergent phenomenal process. Con-
struals are selected on the basis of their heuristic, communicable, and
instrumental value. Construing involves a complex process of relating
actions and imagination. It links phenomenological and abstract space
in which both are distinguished, through the construal, in relation to
the other. Construals make motion a techno-phenomenon. Attention
to the use of construals in communicating techniques and experiences
highlights the pictorial (rather than linguistic) aspect of scientific imag-
ination. The judgements regarding how phenomena should be repre-
sented are socio-technical judgements (made in relation to both other
people and material practices) regarding the intelligibility of any
techno-phenomena and how they are produced. Consensus between
experimenters, dependent upon the successful exchange of observa-
tional and manipulative techniques, involved the dissemination of
qualitative and pictorial representations of the phenomenon-as-a-
process. As Gooding argued, construals are central to the processes of
experimentation and they do not permit either a monolithic fit with
articulated theories or a metaphysical commitment to determinism,
realism, or materialism. However, this raises an important question
that, given the peculiarity of Faraday’s lack of mathematical training,
Gooding did not address: how do construals link with mathematical
practices and models?

Jacque Derrida pronounced that specific styles of writing, or inscrip-
tion, were required for science to be possible.16 However, Derrida
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neglected mathematical forms of inscription and these are central to
the present discussion. I use the term technographe, as a modification of
Derrida’s term graphe, to denote any physical marks used in mathemat-
ical inscriptions, schematics, or diagrams used technologically in the
design, interpretation, and operation of machine performances. A
drawn circle, Arabic numerals, an equal sign, a differential operator,
vector notation, matrix notion, Feynman diagrams, electric circuit dia-
grams, and co-ordinates, are all examples of inscriptions constructed
using technographe. If modern physics is inherently mathematical, as
Heidegger argued, then we need to understand how mathematics, cog-
nition, and visualization processes are connected. Technographe are
used for writing down mathematical techniques and inscriptions. They
are the parts of mathematical writing used in constructing solutions,
demonstrating proofs, calibrating mechanisms, modelling the perfor-
mance of machines, and for designing machines. Geometrical proofs,
algebra, analytical differential calculus, vectors, matrices, statistics, etc.,
are all written down, recorded, printed, and disseminated, through the
use of technographe. Technographe are not the mathematical tech-
niques themselves, in the same way that graphe do not tell us how to
write or how to read. They obtain meaning as part of the inscription 
and interpretation practices used in those mathematical techniques.
They are situated within the technological framework embodied in
skilled practices.

Euclid’s first proposition, to construct an equilateral triangle by inter-
secting two circles, in The Elements is not a logical proof at all.17

Formally, in terms of modern logic, Euclidean geometry is incomplete
because it lacks a continuity axiom in either the Postulates or the
Common Notions. The first proposition remains unproven because it
has not been demonstrated that the two circles actually intersect. From
the perspective of modern logic, the Euclidean geometry available from
antiquity to the nineteenth century was not a complete logical system.
It was an art rather than a science. The basic postulates of Euclid’s
geometry, such as to describe a circle with any centre and distance,
draw a straight line from any point to any point, etc., are distinct tech-
nographe that can only acquire their meaning through repetitive prac-
tice. Euclid’s geometry is a form of writing in which a set of primitive
inscriptive practices constitutes the basis of the whole corpus. Pro-
position 1 provided the technographe to inscribe an equilateral trian-
gle. This was used to construct further technographe. For example,
Proposition 1 was used as a technique in the construction of Pro-
position 2 which, in turn, was used in the construction of Proposition
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3, and so on. These practices are comprised of the inscription acts
involved in the mathematical inscription of geometrical figures. In
turn, each geometrical figure, once inscribed, becomes a distinct
technographe that is used to inscribe further geometrical figures. The
first proposition is inscribed by performing the technographic acts of
drawing straight lines and circles. A straight line and a circle are
defined by Euclid in terms of acts of drawing and, consequently, we
can only learn how to perform these practices by following instruc-
tions, performing the inscriptive act, and being informed that the
resultant is correct. Each figure is a socially mediated artifact. It is a
technological object available for further use, and only achieves its
truth within the artifice of Euclidean geometry as a set of tacitly
embodied practices and their products. We are only able to intuit the
self-evidence of these products once we have acquired the requisite
artifice and have become mathematical practitioners. Once this artifice
is acquired, through education, then practices, reasoning, and intu-
itions are ordered within its framework.

Each use of technographe is an exemplar, in Kuhn’s sense of the
word, because it constitutes a set of problem solving tactics that are
learned, or constructed, by using them to solve problems.18 These
exemplars were technographically used in The Elements to construct
geometrical treatments of angles, straight lines, ratios, circles, curves,
areas, and solids. The self-evident correctness of these exemplars is
established by being able to use them. Each proposition is proved by
the act of inscribing it. Its self-evidence is a resultant of its practice
and, consequently, Euclidean geometry is as eternal and universal as
the social acceptance of the inscription practices upon which it is
based. Each axiom is an abstraction and reification of a set of inscrip-
tion practices. Its status as an episteme is achieved by its acceptance
amongst its practitioners (and anyone else that they can convince) on
the basis of claims for its completeness. These epistemoi are collected
together and integrated within a technical system as a fixed technolog-
ical framework with a specified object-sphere (the geometrical figures,
proofs, and theorems) and a clearly defined set of interpretations as to
how to combine and relate them. Euclidean geometry is characteristic
of a techne and an episteme, from the platonic usage, and an episteme, in
Foucault’s use of the word, as being a total set of related inscriptive
practices that is socially presented as eternally, universally, and neces-
sarily true scientific knowledge. They are discursively and technograph-
ically related via their embodiment in practice during education. 
In this sense, Euclidean geometry is an enduring techne that has been
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discursively presented as an eternal episteme. The Elements provided the
technographic exemplar for the works of Archimedes, Apollonius of
Perga, Nicomachus of Gerasa, and many others. This can be seen in the
geometrical proofs of Archimedes and Apollonius, and Nicomachus’
study of arithmetic based upon Euclidean ratios.19 These works, as well
as The Elements, were preserved and disseminated from antiquity,
through the medieval period, and into the present day. The structures
of these geometrical treatments were organised within the Euclidean
template of axioms, postulates, propositions, corollaries, theorems, and
proofs; they provided the exemplars for all subsequent geometry to
emulate. Archimedes, Apollonius and Nicomachus innovated new
technographe and extended the Euclidean techne to include irrational
numbers, projections, powers, series, and the geometry of ellipses,
hyperbola, and parabolas. The science of mechanics and the techneic
use of technographe to inscribe the motion of the simple machines
developed within the same technological framework. As I argued in
this last chapter, the conflation of Euclidean geometry as a techne and
episteme (in the context of the construction of the science of mechanics
and the desire for novel technological powers) led to the emergence of
mechanical realism, and the possibility of experimental physics.

The axioms of geometry have application in our world of experience
because, through artifice, we have mathematically projected that appli-
cation onto parts of the world. It is through the embodied praktognosia
of pre-conscious habitual familiarity with the techniques of geometry
that we are able to “intuit” the applicability of this projection.20 These
axioms are abstractions within a technological framework that we
impose upon parts of the world. This is not a structure of our un-
trained consciousness; it is the structure of the imposition itself. It is
the structure of the mathematical inscriptive practices of the artifice of
geometry. If techne resides “in the soul of the craftsman” it has been
inscribed upon that “soul” through training, mimicry, and practice.
The “soul of the craftsman” is not something that we are born with. It
is something that we embody through the social acquisition of a tech-
nological framework to the extent that we become so familiar with its
practices that we are no longer aware of it. Our educated bodies have
become situated within the technological framework of geometrical
inscriptive practices. That framework, once embodied, becomes part of
us and we become part of it. The art and the artist reside in the same
place. Projecting the trained imagination performs the “outer sense” of
mathematical projection. Our ability to have a priori knowledge of the
truth of the axioms of geometry is dependent upon the invisibility of
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technique itself. Our capacity to ground geometrical imagination in
self-reflective knowledge is itself a manifestation of the pre-conscious-
ness of technique to a being that is already well versed in the applica-
tion of that technique. If the technique is invisible then all we see is
the projection. It was for that reason that Kant located the origin of
that projection in the structures of pure intuition rather than in the art
of geometry itself.21 He was sufficiently skilled in the art of geometry to
the point where the art became invisible and its practice became
innate.

The mathematician’s demand for formal rigour is always the demand
for the formal explication of non-formal practice. It is the demand for
the logical abstraction of reified skilled human labour. However, the
formal axioms, the logically abstracted and encoded system, will be
both unintelligible and useless without the skilled practices from
which it was reified. A logical proof for the constancy of the ratio of a
circle’s circumference to its diameter is meaningless if we are unable to
draw and recognise a circle. It will not do to appeal to pure conceptual-
izations of a circle either because without the skilled practices from
which those conceptualizations were abstracted there would be
absolutely no possibility of applying them in the world. Application
requires practice. The technographic practices of geometry (drawing
using a straight edge and a compass) were reified in response to the
degree of unreflective application of those practices. This reification
was itself the product of the challenge of imposing “rational order”
upon practices, which were both informal (lacking in rigour) and dis-
ordered (inconsistent). The abstraction of those practices was an
simplification of what was already taken for granted as being techni-
cally correct, in such a way as to induce a universal techne under which
those practices would be integrated under a single theory of practice,
which paid no attention to the particularities of practice. The move
towards abstraction is an attempt to detach the technique from its
application in order to generalise it from the particularities of use. This
involves a synthesis of a diverse and divergent set of particularities into
a general axiomatic system that can be applied equally to all those par-
ticularities. Under the techne of geometry the objects produced by the
application of that techne would be abstract, idealised reconstructions
of technographe that were conceptualised in terms of definitions gen-
eralised as axiomatic principles. This reification allowed the axioms of
geometry to be divorced from their practical origins and contexts of
use. However, this required the techniques (and practices) of logical
abstraction into general rules which, in turn, also requires abstraction
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if the formal system is to be a complete techne. All mathematical
abstractions, as encoded reifications of techniques, are incomplete.
This is the source of all error and problems for the application of a
formal system to experience. It is not the case that the formal system
does not correspond to reality (as the realist would argue) and hence
the error. It is more the case that the system is itself incomplete and we
are not in possession of a full and complete techne. In short, we do not
know what it is that we have done, nor do we fully know how to apply
the general system to particular experiences. We are forced to keep
experimenting or give up. Furthermore, without completeness we are
unable to unify the whole abstraction into a formal techne and, con-
sequently, we cannot consider the particular practices from which the
system is abstracted to be homogeneous. They are a heterogeneous col-
lection of exemplars and tactics. As I shall argue in chapter six, it is this
heterogeneity that is the source of all “error” and “resistance”. This is a
matter of coherence rather than correspondence. The challenge of
system building is to collect together and integrate heterogeneous
objects into a homogeneous whole. The inconsistencies that arise
during that process are the results of the interference between hetero-
geneous objects synthetically brought together in the attempt to inte-
grate them into a novel unified and coherent composite. The “failure”
of any system is a consequence of its incompleteness, complexity, and
disunity.

The invention of non-Euclidean geometries brought with it a novel
awareness. Not only were geometrical objects the products of our
mathematical practices, but also they were arbitrary. There is nothing
unique about any particular set of technographic practices; dimension-
ality can be projected in any number of different ways. Any numbers
of new technographic practices were possible (as Boltzmann, Lorentz,
Minkowski, Gauss, and Einstein have shown). We are free to construct
any topology from any arbitrary set of axioms. That topology is consid-
ered rigorous, in the disciplinarian sense of the word, providing that
our axioms and definitions do not contradict one another when we
attempt to combine them. There is not any “objective” space to which
mathematical geometries must “correspond”; topology can only
provide us with a coherent system of consistently mapping arbitrarily
imposed axioms and definitions. The problem is how to relate these
arbitrary spaces to the practices of experimentation and measurement.
Once again, this raises the question: How is the “empirical” practical
dimension of experimentation connected with the “rational” mathe-
matical dimension? The case of Faraday’s work provides an illuminat-
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ing answer to this question. If we accept Gooding’s argument that the
use of construals was central to Faraday’s public reasoning process then
we can readily see that this process was a technographic process. Socio-
technical judgements are premised upon technographic cognitions and
it is for this reason that I agree with both Gooding and Heidegger. Such
cognitions are made within the context of a socio-technical learning
process and realised “for ourselves” as something brought by us to the
learning experience. This is not an innate cognition but is a socio-
technical cognition that is made “ours” through the embodiment of
artifice through innovative practices. It is premised upon an open and
praktognosic orientation towards objects from within the invisible
technological framework of embodied artifice. Thus Faraday’s work was
not mathematical in the common sense of using mathematics, but it
was mathematical in Heidegger’s sense of mathesis. As Gooding point-
ed out, “construing creates ‘giveness’ of experience… [It is] a relatively
stable but plastic interpretation of experience which guides further
exploration and interpretation.”22 It is this “giveness” that is character-
istic of mathesis and mathematical projection. It is the “laying down of
the ground-plan of Nature” in retrospect whilst leaving it open for
future refinement.

Ampere’s key experiments, as Gooding noted, were designed to pre-
venting movement and reduce complex interactions towards stable
equilibrium.23 Why did Ampere choose this particular configuration?
There are two possible reasons that I would like to discuss. The first pos-
sibility was that he had adopted a mathematical tactic, in the common
sense. This tactic was set-up to avoid the practically enormous task of
finding solutions to the mathematical expressions for the complex phe-
nomena produced by the “process-structuring” techniques of Oersted,
Davy, and Faraday. In my view, this tactic was the attempted extension
of the Galilean reductive method of reducing all mechanical motion to
that of the lever and the balance. This would have allowed Ampere to
treat the problem as if it were one of ratios and simple differentials. The
second possibility was that Ampere had adopted a mathematical tactic,
in Heidegger’s sense. He projected the Galilean template. Faraday, 
on the other hand, was destined to non-mathematical work, in the
common sense. This would put him in the “empirical tradition”,
according to Kuhn and Osler. And yet, in Heidegger’s sense, Faraday’s
work was an exemplar of mathematical projection. How did Faraday
know how to begin? According to Gooding, Faraday’s plans of action
began in October 1820 with attempting to reproduce and map out 
the contours of Oersted’s famous needle-wire motion observation. 
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After eleven months of experimenting with sideways motion, circular
motion, and push-pulls, he managed to stabilise his configuration of
the 1821 compact rotation apparatus. This produced revolutions! It was
the stable predecessor of the electric motor. It was a hybrid electrical
and magnetic machine that produced stable rotations when it was con-
nected to a chemical battery by metal wires. It both enabled and con-
strained the spontaneous circular motion of a needle pendulum around
a magnet. What constrained that motion? As Gooding observed, the
motion of a suspended magnetic needle around an electric wire is far
from stable and well defined. It takes considerable patience, practice,
and skill to manoeuvre a needle around the wire (without it touching
the wire) and map out its motions. One must control one’s interven-
tions carefully. How did Faraday plan the control of his interventions?
He did so by exploring the possible motions of sideways motion, circu-
lar motion, and push-pulls, and with meticulous attention to those pos-
sibilities, Faraday mapped out the contours. The 1821 machine was
designed to demonstrate circular motion and an otherwise quite un-
predictable movement was constrained to a circular path. It is in this
sense that Faraday mathematically projected the abstracted circular
motion of the wheel and axle as the ground plan of the possibly stable
motion to try. Faraday’s experiments on the motion of magnetic
needles and electric wires were constructed to capture the circularity of
that motion. By doing so, Faraday projected the ground plan of circular
motion, but this did not adequately capture the movement of the “rota-
tions”. As Gooding pointed out, Faraday’s later construal of these “rota-
tions” as skewed motion were not a Newtonian construal of force, and
“Faraday took up the possibility that the skew-aspect was not to be
reduced.”24 He deconstructed (via Ampere) the applicability of Galilean
reduction to the novel electromagnetic machines. A new construal was
required. For an example of Faraday’s construal of “skew” motion see
Thomas Martin’s transcription of the first part of Faraday’s experimental
record for 3rd September 1821.25 If we examine this skewed motion then
it is clearly evident that it is an abstraction of the screw. Faraday
managed to resolve his difficulties in construing that motion by using
the screw as his construal. The screw was a non-reductive exemplar of
“electromagnetic motion” and it was still one of the simple machines. It
also allowed mathematical techniques (in the common sense) to be
imported from the six simple machines to the novel kind of machine.
Maxwell’s field theory utilised Faraday’s construal of the tangential, or
skew, motions of “electromagnetic lines of force” in terms of the screw.
Faraday’s construal of his experiences in terms of screw motion of the
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“invisible” lines of force is a breaking free from the Galilean reduction.
The mechanical circular and rectilinear motion would not suffice for
the novel machines. Faraday’s screw-construal was a non-reducible
primitive. Once Maxwell had invented the grad and curl operators of dif-
ferential calculus (and specifically invented for this task) then such
motion could be described in terms of differential calculus. How? So far,
I have only discussed the pictorial and geometrical technographic
inscription of machine performances. One of the crucial mathematical
innovations of the seventeenth century was analytical geometry and
differential calculus. These allow machines to be analytically inscribed.
How are technographic inscriptive practices connected with models,
interventions, and representations?

Functive was a term used by Gilles Deleuze and Félix Guattari in their
analysis of science and its distinction from art and philosophy.26 A
functive is an element of a function. Limits and variables are examples
of functives. A function defines the relationship between its functives
and may, in turn, be used as a functive within another function. In
physics, a function has to refer to a co-ordinate system in which the
axes represent physical quantities. In Deleuze’s terms, physics proceeds
in the face of the infinite chaos of existence by constructing a plane of
reference from co-ordinate systems in order to slow down the disorder
of chaos by external reference (or exoreference). Exoreference involves
extrinsic determination of the meaning of the frame of reference.
Physics is distinct from mathematics due to this extrinsic deter-
mination. Mathematics finds its meaning in the intrinsic consistency
(endoreference) between functives, whereas physics has to extrinsically
give those functives physical meaning. Exoreference allows functives to
participate in modelling and provides a co-ordinate system, composed
of a least two independent functives whose relationship is the function,
with meaning as a state of affairs or informed matter. Exoreference is
necessary for the frame of reference to form a proposition that relates a
state of affairs meaningfully to the system in question. For example, it is
an act of exoreference that is required for the differential functive dy/dx
to refer to the rate of change of pressure with respect to temperature.
This gives it meaning as a state of affairs between pressure and tempera-
ture in a system that is extrinsically determined as a sphere of gas at
constant volume. The function allows each dimension (axis, variable) to
be fixed whilst the others are varied. Exoreference allows mathematics
to participate in modelling machine performances.

Functives and technographe are meaningless without the technologi-
cal framework of inscriptive practices and exoreferences in which they
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are situated. Mathematical methods (as procedural collection of math-
ematical techniques) utilise techniques and ordering technologies as
part of that technological framework. This framework is also associated
with its application. For example, Fourier analysis involves a collection
of different technographe, functions, functives, techniques, and inscrip-
tive practices. It is technique for analysing complex “wave patterns” in
terms of series of sine and cosine functions. In order to be effective it
must be embodied in inscriptive practices and exoreferences in the
context of solving a range of particular problems. By applying Fourier
analysis to the solution of an inscribed physical problem, say the solu-
tion to the Schroedinger Equation for electrons within a metal wire
under a potential difference V, the solutions of this technique can be
exoframed as expressions of physical states. The sine and cosine func-
tions of the Fourier series can be taken to be the wavefunctions that are
superimposed to probabilistically describe the measurable behaviour of
the electrons. By inscribing the contours of the interactions between
human interventions and machine performances, in terms of functives
by using technographe, the contours can be mapped out in terms of
operational and responsive variations. Exoreferences give this mapping
meaning. Hence, the physicist can slowly turn up the pressure acting on
an experimental cell and read the variations in temperature from a cali-
brated thermometer. This can be recorded graphically and written down
in the form of a differential equation. Differentials are particularly
suited for inscribing machines and mechanisms. The differential relates
variables in terms of a ratio of a rate of change, of one with respect to
another. These variables can be used as dimensions to construct an ana-
lytical external framework in which the differential equations can
provide the contours of the physical process under investigation with
both qualitative and quantitative meaning. It does this in terms of
exoreferences that are projected over the machine performativity in
terms of fundamental variations and dimensions. As a part of a techno-
logical framework, these projected exoreferences are associated with 
the operational practices of the experimental procedures, and hence 
the projection of this framework is an anticipatory act of exoframing.
The process of exoframing facilitates the process of writing out, de-
inscribing, both human interventions and machine performativity from
the final products of experimental work. The technographic inscriptions
can then be taken to be representations of the physical processes
involved in the experiment. Both human interventions and machine
performances are de-inscribed (written out) from the final accounts. The
book of Nature can then be read.
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“Making” the ground plan of nature

The work of Faraday was an example of exoframing the novel phe-
nomena and modification of the mathematical projection to allow
more freedom to construe the screw motion without the restriction of
the Galilean reduction. Faraday et al. had invented a novel kind of
machines and confirmed the methodology of mathematical projection.
His work is an example of how the so-called “rationalist” and “empiri-
cist” traditions were both aspects of the same technological framework.
He projected his ground plan of action in order to establish a series of
interventions by which he could map out the phenomena by building
machines. This provided Faraday with a general methodology by which
he could set in place his object-sphere (his magnets, wires, needles,
etc.), his set of possible construals (rotations, screws, antiparallels, etc.),
and his procedure (build a machine and map out its motions). The rules
and laws could then be abstracted in terms of the technographic maps
of the motion of the machine (the “lines of force” of the “electromag-
netic field”). According to Heidegger, procedure must set in place the
changeable and allow it to change, as a sequence of calculable events, in
order to allow facts to become objective, fixed, and, hence, determina-
tions of the constant and reproducible aspects of the changing of the
changeable can be made into rules.27 Again Faraday did this. Faraday
construed the movements of magnets and needles as the changeable
motions of the six simple machines by constructing the apparatus in
such a way as to prevent it from making any movement that was not a
simple machine motion. It is important to note that I am not claiming
that Faraday was a stage magician who built a trick. I am claiming that
he reduced the possible movements to that of one of the six simple
machines and that his procedure, building a machine according to the
methodology of the template, set in place and restricted the changeable
movement to one of the six projected mechanical motions, in such a
way as to make it repeatable within the projected plan. This allowed the
technographic construals and representations of that motion to be used
map out the contours of that motion in terms of constants and vari-
ables. These can be used to construct an exoframe and, eventually, a
mathematical law. After all the work of exoframing has been done, the
“empiricist” will then claim that the law is a good fit to the phenome-
non, and the “rationalist” will then claim that the phenomenon is a
necessary consequence of that law.

In the context of experimental physics, the changing of the change-
able is the stable and reproducible changes of those variable aspects of
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the experimental apparatus that are under investigation. It is the con-
tours of the interaction between human interventions and machine
performances. The process of research is then one of mapping out
these contours by using those techniques and technological objects as
transformational agents. It is the task of the experimenter to deter-
mine, in relation to the contours, which aspects of machine perfor-
mance change in response to particular human interventions. The
process of research is subsequently one of mapping out the changes of
the changeable in relation to exoframed human interventions. For
example, we could map out the change in volume of a gas in relation
to changes in pressure and temperature. This would involve collecting
together a piston, a Bunsen burner, a thermometer, and a pressure
gauge, and varying each of the variables (temperature, pressure,
volume) in relation to one of the others (whilst the third is fixed) to
map out the contours of human interventions and machine perfor-
mances. Those contours could then be presented as the manifestation
(resultant, consequence) of the realization of the rules by which those
variables are related “in Nature” via a mechanism. Methodology sets
down the set of techniques and technological objects that will be used
by the research to disclose the “natural mechanisms” to be disclosed by
that experimental research. By exoframing those contours, we could
then write down the differential equation for those rules. What we
have done (or so the mechanical realist would claim) is to create an
artificial space (free of the chaos of competing mechanisms) by which
those rules could be disclosed. Furthermore, or so the mechanical
realist would claim, the differential equations that we have written
down are, in fact, a representation of “the laws of Nature” that govern
such a process. By fixing these rules as the necessary consequences of
“natural laws”, methodology is able to determine “the laws of Nature”
in terms of the rules governing the changing of the changeable that
has been set in place by exoframing the experimental procedures. By
projecting the ground plan of Nature, physics has made this so. Facts
can only be made clear, as the facts, within the purview of concepts,
rules, and laws, and, therefore, research into the facts is intrinsically
the establishing, verifying or falsifying rules and laws. In my terms,
physics is thus able to perform the “sleight of hand” that has been
premised by the pursuit since its origins. Through methodology it
engages in a process of making that is directed towards the techneic
realization of unchanging principles of change. It has presumed, on
the basis of mechanical realism, that these principles are epistemic
principles, whilst simultaneously de-inscribing the participation of
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human interventions and machine performances from that process. It
is then able to remove its own methodology (using machines, etc.)
from the final account and present its techne as “Natural Law”.

For Heidegger, research is made objective by encountering it in “the
complete diversity of its levels and interweavings”, whilst procedure is
freely directed to view the changeable in its object-sphere that pro-
vides “the horizon of incessant otherness of change” required for
facts, as concrete particularities, to become present.28 This is crucial
because human beings do not control the outcome of experimenta-
tion. The disclosed would not have been disclosed without human
intervention but the disclosed is not controlled by that intervention.
What is controlled is the template of the experiment, how it is per-
formed, and this template constrains (but does not control) what can
be learnt. This provides methodology with an explanatory character
because it can present itself as a mode of disclosure. Methodology
accounts for an unknown by means of a known and, at the same time,
verifies that known by means of that unknown. Both the known and
unknown are used to explain each other. Heidegger did not provide
an example of this. A good example is the case of gravitation.
Newton’s Law of Universal Gravitation explained already established
facts (objects fall to the ground when dropped, the Moon orbits the
Earth, and the planets orbit the Sun in elliptical paths) in terms of an
unknown (the unitary force of gravitation) via a procedure (the calcu-
lation of paths using the inverse square law). Hence the unknown
could be accounted for in terms of the known facts and these facts
were verified as necessary consequences of the unknown. This can also
be seen in Faraday’s experiments. The known possible motions of elec-
tromagnetic machines would be explained in terms of “an unknown
force” via a procedure of mapping out “the lines of force”. It is for this
reason that I agree with Heidegger’s claim that “natural law” is estab-
lished with reference to the ground plan of the object-sphere that pro-
vides criteria and constraints upon the anticipatory representation of
the conditions under which the experiment can be performed. This
set up is required to prevent the representations necessary for experi-
ments from being based upon “random imaginings” and is based
upon the ground plan projected onto Nature and the representations
are sketched into that ground plan. The planning and execution of
experimentation, as a methodology, is supported and guided on the
basis of the fundamental law that allows the facts, that either verify 
or falsify the law, to be induced into a general techneic form. Due 
to the operational precepts of mechanical realism, this techne was
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conceivable as “Natural Law”, and the phenomenological object of
machine performance could be presented as the means to disclose
that law. In modern physics, the ways in which experimentation is
performed is dependent upon the particularities of what is being
investigated and which type of explanation is required. However, it is
only through the transformation in general conceptions of knowledge
and Nature that research through experiments became possible. What
was this transformation? Firstly, mathematical projection, according
to Heidegger, begins with laying down a law as a basis.29 An experi-
ment does not begin with a complete physical law, which it then tests
(as if often presumed) but it does presuppose the existence of a law,
which it aims to disclose. Thus, the presumption of the existence of a
law is the basis for an experiment. As Gooding argued, the “discovery”
of this law, in the form of an empirical regularity or a mathematical
function, requires considerable effort on the part of experimenters
and may take decades of work before it has been formulated.
However, the methodology by which experimental physics operates
involves the presumption that there is a law, which can be disclosed
by the proposed experiment (or series of experiments), and presup-
poses the forms of possible motions that would qualify as regular
motions. For Heidegger, to set up an experiment requires representa-
tions and conceptions of the conditions under which these specific
series of motions can be made susceptible to being “controlled in
advance by calculation” and followed in their “necessary progres-
sion”. Heidegger was directing us to the way that physics has pre-
empted what could be possibly learnt, to such an extent that it has
pre-empted the conceptual and representational conditions under
which an empirical regularity would be produced, recognised, and
accepted as such. These representational and conceptual conditions
also pre-empt how the experiment could be built in such a way as to
be a controlled experiment. In other words, it has pre-empted what
qualifies as a constant conjunction and the conditions under which
an experimentalist could claim to have produced constant conjunc-
tions. It is because a constant conjunction is a repeatable conjunction
of events, and each event is construed, in advance, as one of the pro-
jected six simple mechanical motions, then performing an experiment
inherently and necessarily involves constructing machine perfor-
mance. The experiment is controlled to the extent that some kind of
machine performance will be its consequent but which combination
of simples will be disclosed is not controlled. This allows physics to
participate in discovery. It discovers the particularities of the machine
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performance of the machines it has built according to the preconcep-
tion of how a machine should perform.

Technique binds together an object with procedure and methodol-
ogy; hence the technological framework of techniques and objects
upon which it projects its template defines the methodology of any
experiment. Distinct experiments are defined in terms of related sets of
technological objects, procedures, and theories in accordance with the
teleologically posited purpose of the methodology. Each machine as an
associated cluster of techniques, technographe, exoframes, and techno-
logical objects, is a distinct object-sphere. The exploration of that
object-sphere, by mapping out the possible interactions between
human interventions and machine performances, is an experimental
research project. This is as true for rats in biological experiments as it is
for the motion of needles around wires. Rats are disclosed by technique
to be a set of machine performances (repeatable responses to inter-
ventions) just as much as the needle and wire were when Faraday
assembled them into a rotation device. The methodology through
which individual object-spheres are “conquered” does not simply
amass results, but uses those results to adapt itself to a new procedure.
Experimental sciences are verified by the successful development of its
projected plan, by means of its methodology, into new procedures and
experiments. As Heidegger pointed out, the specialization of each
science into these specific fields is not a “necessary evil”, due to the
increasing enormity of the results of research, but is a necessary conse-
quence of the practical test of any methodology being defined by its
capacity to facilitate the “ongoing activity” of research.30 Any attempts
to characterise science solely as “serene erudition” could not sustain or
explain a notion of modern science as an ongoing activity, its perfor-
mativity, its capacity for enduring, nor the “self-evidence” of its results.
Ongoing activity provides any research project with the capacity for
institutionalization in terms of its self-appointed task to restrict itself to
a particular field of investigation, whilst sustaining its “the solidarity
and unity” as a specialization of a particular science. The ongoing
activity of research builds the plan of an object-sphere into all ad-
justments that facilitate any planned conjoining of types of methodol-
ogy, that further the reciprocal checking and communication of
results, and that regulate the exchange of talents and skills. Extending
and consolidating the institutional character of the sciences, as an
ongoing activity, secures the precedence of methodology over Nature
and determines, at any given time, what is taken to be objective in
research. It is the adaptation of research to its own results that, as an
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ongoing activity, provides modern sciences with advancing method-
ologies and an intrinsic basis for the necessity of the institutionaliza-
tion of research. According to Heidegger, institutional specialization
provides the basis for solidarity of procedure and attitude, with respect
to the objectification of Nature that constitutes “the real system of
science.”31 The researcher is directed according to institutionalised and
legitimated projects appropriate to the object-sphere in question. The
negotiations at meetings, the information collected at conferences, 
the books and papers contracted by publishers, are all directed and
organised through the institutionalization of specializations. The
research worker is, consequently, forced to operate within “the sphere
characteristic of the technologist” in order to be “capable of acting
effectively”. Scientific progress, defined in terms of ongoing activity,
specialization, and predictive success is a matter of the increased tech-
nological enframing of phenomena into the framework of technique
and bounded technical rationality. Thus empirical investigation is
itself a manifestation of Ge-stell in which each progressive refinement
of accuracy is a standing-reserve for the future challenging of the tech-
nological framework to become increasingly precise and exact. The
objects and measurements of “empirical research” are bound-up with
the destining of technique that cannot ultimately be satisfied because
it has no end apart from itself as a means. It is itself an experiment into
its own possibilities as modern physics simultaneously establishes and
differentiates itself in its projections of specific object-spheres. The
development and specialization occurs by means of a corresponding
methodological projections of ground-plans of research that are made
secure via the rigorous application of procedure, which is adapted and
established, at any given time, in ongoing activity. Projection and
rigor, methodology and ongoing activity, mutually requiring one
another, constitute the essence of modern physics and transform it
into research. The unity of this system is not contrived by relating
object-spheres according to their content, but calls Nature to account
insofar as Nature “lets itself be put at the disposal of representation”
and, consequently, is calculated in advance and “set in place” by
research.32

The theory of the real

Science is given cultural value and is pursued by human beings from a
variety of motivations. The sciences have intersected with industry,
commerce, education, politics, warfare, journalism, and the arts.
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However, asserted Heidegger, we cannot understand the essence of
science and its scope if we take science as cultural only this sense.33

Western European science determines the fundamental characteristics
of the reality within which “man of today moves and attempts to
maintain himself” and has developed unprecedented power that is
“ultimately to be spread over the entire globe”. Heidegger raised the
question as to whether science is “nothing but a fabrication of man”,
or whether “something other than mere wanting to know on the part
of man”, rules in science. Heidegger’s intention, from the onset, was to
reveal what this “something other” could be. He started this inquiry by
equating this “something other” with “a state of affairs” that reigns
over all the sciences but is hidden from them. Heidegger proposed that
science is the theory of the real. What did Heidegger mean by this single
concise statement? Heidegger elucidated “the theory of the real” by
means of an etymological analysis. He analysed the modern con-
ception of “the real” in terms of “that which works” to show how
performing and executing are central to the setting-forth and self-
exhibition of reality. Heidegger used arbeiten and its compounds (bear-
beiten, “to work over or refine”, zuarbeiten, “to work toward”, and
unmarbeiten, “to work around or recast”) juxtaposed with wirken (“to
work”), in order to set in place the performative way in which modern
science brings “the real” (as an object in a causal sequence) into pres-
ence. Modern experimental science involves working towards and
striving after reality in order to capture and secure it. Theory as
Betrachtung meant capturing, entrapping, and secure refining of “the
real”.34 “The real” is ordered into place as “an interacting network” of a
series of related causes and, thus, is made into something that is
capable of being followed out in its sequences. This secures “the real”
in its objectness and provides object-spheres and object-areas for
scientific observation and procedure to capture. The work of modern
science is one of performing representational captures that refine “the
real” in accordance with the objectness through which everything real
is recast in advance into a diversity of objects available for representa-
tional captures. It was this conception that allowed the factual to
follow from “deeds and doings” whilst retaining the connotation of
certainty. It was for this reason that Heidegger considered that the
transformation of the conception of “the real” into “the certain” was
characteristic of the post sixteenth century modern age in the way that
“the real” has been represented as present in the occurrence of con-
sequences. It is this characteristic of “the real” which provided that
kind of presencing characteristic of the modern age that Heidegger
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termed as objectness.35 For Heidegger, how the objectness of that which
presences was brought to appearance, and how that which presences
became an object for representing, could only be understood in
relation to theory. 

How is Nature, supposedly the object of modern science, presencing
itself? What is the “it” here? How did Heidegger characterise the funda-
mental conceptual change that allowed that conceiving of Nature in
terms of its objectness? For Heidegger, every new phenomenon emerg-
ing within an object-area of science is refined to such a point that it fits
within the normative coherence of theory. This view has parallels with
Kuhn and Feyerabend. Heidegger maintained that normative coher-
ence is itself changed from time to time whilst objectness remains
unchanged in its fundamental characteristics. This idea of changes in
normative coherence has parallels with the notion of “paradigm shift”
(as coined by Kuhn).36 How does objectness remain unchanged? What
are its fundamental characteristics in modern experimental physics?
For Heidegger, if representing in advance is the basis for strategy and
procedure then science is determined by pure theory directed towards
the objectness of what presences. Thus the validity of classical physics
was limited but not contradicted by modern quantum physics and rel-
ativity. Modern subatomic and space-time theory refined the object-
spheres of their respective researches but did not invalidate them. The
narrowing of the realm of validity was a confirmation of the objectness
normative for the theory of Nature. How is “the objectness of what
presences” chosen in order to set-forth the objectness of “the real” in
such a way that there is not any fundamental change in objectness
between classical and relativistic quantum physics? In the experimen-
tal sciences “the real” is “what presences as self-exhibiting”, refining it
corresponds to a fundamental characteristic of “the real” itself, but its
presence is brought forth to stand in objectness. For Heidegger,
modern science, as the theory of the real, was not self-evident, nor 
was it merely a human construct. Wrought by work, defined by the
setting-forth of presencing into objectness, scientific theory challenges
and sets-upon Nature in order to disclose “the real”.37 According to
Heidegger, it is Nature that “presents itself for representation as a
spatio-temporal coherence of motion calculable in some way or 
other in advance” in accordance with theory. Nature, according to
Heidegger, is clearly an amenable participant in the work of modern
science. What is the Nature that presents itself in this way? Or, to be
more precise, which parts of the world are taken to be instances of
Nature presenting itself in this way? And, how is the temporal coher-
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ence of motion calculable in advance “in some way or other” for these
parts? Heidegger maintained that modern science, by defining “the
real” to be the measurable, provides a method that permits a decision
regarding what may pass as science by limiting certainty and knowl-
edge to the measurability supplied by the objectness of Nature and the
possibilities inherent in the measuring procedure. What allowed “the
real” to be defined as the measurable? How does Nature supply measur-
ability? How are the possibilities of measurement inherent in the mea-
suring procedure? Heidegger argued that the methodology of science
sets up Nature as an object of expectation. All objectification of “the
real” secures and guarantees some coherence of sequence and order.
Mathematics participates in this methodology by setting up, as the
goal of expectations, the harmonising of all relations of order and
“reckons” in advance with one fundamental equation for all possible
order, and is not merely a reckoning by performing operations with
numbers for the purpose of establishing quantifiable results.

According to Heidegger, the “inconspicuous state of affairs” which
conceals the essence of science can be revealed by taking particular sci-
ences as examples and attending specifically to whatever is the case
regarding the ordering, in any given instance, of the objectness belong-
ing to the object-area of those sciences.38 For Heidegger, physics (in
which he included macrophysics, atomic physics, astrophysics, and
chemistry) observes Nature insofar as Nature exhibits itself as the
objectness of coherence of motion of material bodies. The elementary
objects of classical mechanics were the motions of geometrical points,
in nineteenth century physics these objects were fields and atoms, 
and in the twentieth century the interaction of elementary particles is
the manifestation of the “impenetrability of the corporeal”. However,
Heidegger, by generalising from Galileo’s Assayer, Newton’s Principia,
and Heisenberg’s positivistic interpretation of quantum mechanics,
had not attended to modern experimental physics closely enough,
and, consequently, was compelled to consider the source of novelty
and the essence of modern physics to be enigmatic. For Heidegger, the
essence of science was “rendered necessary” the moment that this
setting-upon occurred, but that moment, and its possibility, remained
mysterious.39 However, once we take mechanical realism into account
then we can reveal the possibility of this “moment” and its subsequent
“necessity” within the cultural demands for power and certainty. If we
attend to how experimental physics is actually done, and what it is
actually done to, then we can attend to the specific ordering of 
the objectness belonging to particular object-areas of physics without
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preconceiving, from the onset, the nature of the object of that pursuit.
This object-area is comprised of strata of machines, techniques, and
their associated techno-phenomena. The techneic laws abstracted from
the alethic modalities of the contours of the interactions between
human interventions and machine performances are the determina-
tions of the estimated possibilities, actualities, necessities, impossibil-
ities, and contingencies of exoframed labour processes.

Heidegger was correct to locate epochs of change, such as the change
from classical physics to quantum physics, in the experience and deter-
mination of the objectness of the appropriate object-sphere, whilst
emphasising that the essence of modern physics remains unchanged.
However, for Heidegger, “in the most recent phase of atomic physics”
the object vanished. Heidegger alluded to a change in the objectiveness
of Nature into the constancy determined from out of Ge-stell and made
reference to The Question Concerning Technology.40 Heidegger noted, in
reference to the Wilson cloud chamber, the Geiger counter, and the
balloon flights to detect mesons, that modern subatomic physics,
despite its aim to make elementary particles exhibit themselves for
sensory perception, can only provide indirect, via a multiplicity of
technical intermediaries, self-exhibiting of elementary particles. It is
this indirectness that Heidegger alluded to as being indicative of the
dominance of Ge-stell, as a fundamental change in the experience and
determination of objectness, in the most recent phase of physics.
However, by presuming that the object of experimentation in pre-
quantum physics was present to perception, Heidegger revealed his bi-
partite structure of experimental physics in terms of law-object. Given
that, for Heidegger, law is something that we project over the phenom-
ena in terms of cause-effect relations in order to map out the changing
of the changeable, then the objects of investigation remains those
aspects of Nature that are amenable to this project. It is an implicit
consequence of Heidegger’s analysis that the progressive criterion for
selection of law could only be one of empirical adequacy of the law’s
description of the cause-effect relations to the changing of the change-
able within the object-sphere. Thus Heidegger marked out “the most
recent phase of atomic physics” as something distinctly given over to
Ge-stell because the objects of its object-sphere are unavailable to direct
perception. Heidegger’s interpretation of the aim of experimental
physics as being directed towards the mathematical projection of laws
describing the coherence of motion of its objects, and the constancy 
of the changing of the changeable, betrays his positivistic conception
of science in general and physics in particular. In essence, the aim of
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science, on Heidegger’s account, is that of empirical description in
terms of universal law. This should be unsurprising, given that
Heidegger’s two exemplars of scientific endeavour are Newton and
Heisenberg, and that in Germany, at the time of Heidegger’s writing,
positivism was the dominant conception of science. I am not suggest-
ing that Heidegger was a positivist (far from it!) but his conception of
the goal of science was positivistic. Thus, for Heidegger, the object dis-
appears in subatomic physics because it cannot be directly revealed to
sensory experience. Here we can readily see how Heidegger’s own phe-
nomenological pre-occupation with “that which presences” obscured
his view of the phenomena of experimental physics. However, as I
have argued above, the aim of modern experimental physics has
always been the disclosure of mechanisms, and its ontology has had a
tri-partite structure (object, law, and mechanism) since the sixteenth
century. Particle physics is unconcerned with the detection of “parti-
cles”, mesons for example, except as a means of investigating its
models of elementary particle interactions. Physicists do not seek the
“truth/top quark” for its own sake but, rather, for the disclosure of fun-
damental mechanisms. Mechanisms have never been brought into
presence, as objects, but are central to causal explanations for “that
which presences”. Since Galileo, physics has had pretensions towards a
“deeper” ontological relation with the mapping of temporal succes-
sions of cause-effect sequences than merely confirming or refuting the
law. These explanations are given as the underlying workings of that
which allows “that which presences” to presence. “The real” disclosed
by experimentation, via demonstrations given in terms of the temporal
sequences of changes of the changeable, is brought into discourse as a
causal account given in terms of the mechanisms that are proposed
explain the phenomenal. The objectness of “that which presences” is
taken to disclose “the real” via the objectness of the object-sphere and
the constancy of the changing of changeable as means to the disclos-
ure of “the real” as a mechanism of change. The object-sphere, proce-
dure, methodology, and mathematical projection are tied together via
an exoframed model of the mechanisms in operation in the changes of
the changeable. It is the projected exoframed model that allows math-
ematical projection, the object-sphere, methodology, procedure, law,
and the ongoing activity of working towards securing representations,
to fit together as a coherent process of research. Working novel experi-
mental physics is not limited to sensory experience but, rather,
explores what is disclosed by means of sensory experience. Its object-
spheres, object-areas, procedures, laws, advancing methodologies, and
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mathematical projections, have always been means to this end, and, in
this respect, it changes the changeable in the object-sphere to suggest
causal mechanisms which are “tested” by implementing them in the
ongoing technological procedures of experimentation. Thus the use of
objects as standing-reserve available for future use and ordering has
been central to the processes of “testing” in experimental physics since
its onset. Ge-stell has been characteristic of modern experimental
physics since its origins in the science of mechanics. Ge-stell has been
operational within the unfolding and ordering of the ontology of
experimental physics in all of its object-areas (i.e. mechanics, optics,
thermodynamics, electromagnetism, acoustics, solid state physics,
atomic physics, and subatomic physics) and is not restricted to the
“most recent phase in atomic physics”. Heidegger’s positivistic concep-
tion of modern science concealed the operation of Ge-stell in experi-
mental physics and, consequently, concealed the technological essence
of modern experimental physics. 

Heidegger was correct to have considered objectness to be essential
to the setting up of modern sciences in general and modern physics in
particular, as a methodologically and procedurally secured mathemat-
ical research projection of the ground plan of its object-sphere. Modern
experimental physics could have not begun nor operate without this
set-up. What Heidegger misunderstood is the objective of the pursuit
of experimental physics. It is techne, as an ideal, that provides an
asymptotic link between practice, theory, and scientific rationality.
Knowledge becomes objective upon the creative establishment of the
possibility of achieving a techne of how that knowledge was produced.
Thus the process of scientific progress is one of aspirations towards
technical excellence that is to be achieved via a techneic process of
questioning and correcting both the content of theories, experimental
and theoretical practices, and standards of justification. Gooding
termed this process to be one of convergence. This open-ended process is
one that is perpetually directed towards the future and, as such, is one
for which there are not any rules to guide it because we cannot foresee
the course of innovative development. It is one of bounded and evolv-
ing technical rationality. Controversies regarding the artificiality of 
the results of techniques and preparations (what is a property of the
object and what is a product of the preparation process) could only be
achieved by reaching theoretical agreement as a consequence of
further technical exploration. This requires both theoretical accounts
of the techniques utilised and of the object under investigation. The
establishment of a trajectory of investigation is the technically rational
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conclusion of any controversy. Prior to publication, any experimenter
needs to reflect upon the experiment (its purpose and execution) and
anticipate any criticisms to her/his work. Every experiment is situated
within the background of a wider scientific community’s standards and
expectations in which it will achieve its significance and meaning. The
working scientist will base her/his conception of what makes a reliable
observation and/or technique upon recognition of the level and
content of any possible criticisms that her/his work may be subjected
to. It is this ability of the experimenter to anticipate how others will
receive her/his actions and reasoning, which is a necessary condition
for the critical self-reflection to be presented as “objectivity”, whilst, in
proposing any novel theory or experimental technique, it is necessary
for the experimenters to break the accepted norms and standards of
the current scientific community by engaging in a critically motivated
reflection upon the correctness (or legitimacy) of those accepted norms
and standards. This requires that the framework that the experimenters
are working within is open and capable of being developed and
changed. If the framework were fixed, final, and closed there would
not be any potential for novel research because there would not be any
possibility of establishing new techniques, theories, and objects for
investigation. Experimental work is an unending process of producing
a series of refinements for which successive refinements correct and
reveal the errors of previous efforts. This process is perpetually one in
which the experimenters must make judgements between technical
frameworks from which to proceed against a background of past efforts
and frameworks. Thus experimental science must be an ongoing activ-
ity that is constantly open to change but does not pursue the object-
ness of its object-spheres or its object-areas, or even “Nature”. The
object-spheres and object-areas within distinct specializations in exper-
imental physics are comprised of and structured by particular machine-
kinds as their fundamental elements. Particular specializations are
delimited by specific kinds of machine, and that novelty and new
specializations arise from the innovative interconnection (the relating
and conjoining) of machine-kinds. The object of the ontology of
experimental physics is limited to machine performativity but, the
function of this ontology is to provide a set of technological objects 
to disclose the mechanisms that are supposedly in operation during
the “changing of the changeable”. The phenomenal object of experi-
mental physics is the machine performativity and that this object
could only be conceived as natural by presupposing mechanical
realism. On this account, the function of an object-sphere is to disclose
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the fundamental mechanisms that explain how human interventions
within an object-sphere generate the machine performances actively
produced and investigated by modern experimental physics. Modern
experimental physics is only concerned with the motion of matter
insofar as it discloses those fundamental mechanisms at work in 
a machine such as a pendulum or neutrino detector. It is only by
recognising the metaphysical centrality of this concept within the
rationality of physicists that we can understand the purpose of the per-
formative art of experimentation and the nature of the reality that
physicists aim to disclose. Thus we can see how physics has been per-
formed for its own sake and bound up with Ge-stell in the making of
the ground plan, the ongoing researches of all its fields of endeavour,
and the construction of the theory of the real.

144 On the Metaphysics of Experimental Physics



5
The Anvil of Practice and the Art
of Experimentation

In this chapter I shall describe how experimental physics is a labour
process of making and modelling the interactions between human
interventions and machine performances. I shall describe how natural
mechanisms are abstracted from an interpreted cluster of the alethic
possibilities of labour that are creatively extended, interpreted, and
manipulated by using analogical and metaphorical connections with
clusters of theories, models, machine performances, and techniques.
These analogical and metaphorical associations allow mechanisms to
be transferred as technological objects across the boundaries between
otherwise distinct experimental machines. Each prototype is a hybrid
constructed through trial and error processes of bringing together and
integrating heterogeneous technological objects from other distinct
kinds of machines. This provides the innovation of new machines with
a sense of developmental continuity and transfactual connections
between machines that share component technological objects in their
construction. The technological objects used in the innovation of each
prototype have transfactuality in so far as they can be related through
machine-kinds. When this stratum of new machines shares a common
history of development then they are members of the same generative
machine-family. The history of experimental physics is the history 
of the generation and extension of machine-families through the
invention and innovation of prototypes using shared machine-kinds.
Novel physics creates and explores unions between previously distinct
machine-kinds and associated transformative powers. These are jux-
taposed with the members of other machine-families when a novel
hybrid is produced and the clusters are transferable throughout 
the machine-family along the genealogical lines of association. The
ontology of physics is abstracted from these interconnected lineages of
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prototypes and their associated clusters. Highly complex machines,
such as particle detectors, are composites of the members of several
machine-kinds, and their distinct histories of development constitute
machine-family in their own right and also show many overlaps with
members of other machine-families. It is the transferability of clustered
technological objects along the “genetic” lines of machine-families and
their overlaps that gives these technological objects transfactuality. 

Prototypes, such as Thompson’s cathode-ray apparatus to measure
the charge-to-mass ratio of cathode corpuscles and Millikan’s oil drop
apparatus to measure the quanta of electric charge were not as inde-
pendent as Hacking and Bhaskar would like to believe. These experi-
ments shared members of the same electromagnetic machine-kind in
their construction, both utilised the same inscription practices, techno-
graphe, exoreferences, theories, and techniques, and were members of
the same machine-family developed to determine the electrical pro-
perties of matter. Due to the assumption of mechanical realism, the
technological framework is taken to be transparent as a means, and
mathematical functions encoding change and persistence within
machine performances are metaphorically presented as abstractions or
representations of natural mechanisms. Through metaphorically based
rhetorical, poetical, and visual techniques, emergent through socially
mediated communication and argument, these abstractions can be ver-
balised, visualised, and conceptualised within models and theories of
the causes in operation in the occurrence of natural phenomena. These
mechanical models and theories are subsequently legitimated through
a process of successfully implementing these abstractions as mathemat-
ical functions and exoreferences in the subsequent extension, innova-
tion, and invention of their associated machine-families, and feeding
them back into processes of guided technological innovation. An
acceptance of mechanical realism has allowed this techneic innovation
of the production of novel machines and mathematics to be epistemo-
logically justified as an epistemic process of the discovery of natural
mechanisms and laws. It is this process that provides a trajectory of
stratification and correspondence between physics and “the strata of
reality” that it discloses. This is how physics progresses.

It certainly is evident that the Glaser bubble chamber to detect
“cosmic rays” and the LEP “antimatter-matter annihilating” ring at
CERN are very different machines for particle detection. However, they
do share important exoreferenced functives such as voltage, current,
magnetic field strength, momentum, energy, etc., without any signifi-
cant variance in usage; common elements, such as differential calculus,
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statistics, algebra, arithmetic, SI units, etc, as well as common mech-
anisms, such as radioactive decay, electron and photon interactions,
electron and positron production and annihilation, spin and energy
levels coupling, virtual particles, etc.; common indices such as charge,
mass, spin, force, momentum, energy, half-life, etc.; both also utilise
special relativity, Maxwell’s equations, SI units, and the periodic table,
etc., to provide a universal standard for description; and also use the
same construals (e.g. particle, wave, track, spin, interaction, etc.)
Furthermore, the computers are connected to the LEP-Ring detectors
run reconstruction programmes that technographically represent the
“data” as “bubble chamber” pictures of “tracks” on the computer
screen and allow a commensurable visualization of the machine perfor-
mativity. The LEP-Ring is a hybrid between the liquid-based detectors,
such as the bubble chamber, and the gas-based detectors, such as the
Geiger counter. These two prototypes were related through construals
of their performativity in terms of the mechanism of ionization, and
the particle detectors at CERN (DELPHI, OPAL, ALEPH, and L3) are, to
put it crudely, not much more than ten metre by ten metre massive
barrels of thousands of modified liquid and gas based detection cells,
surrounded by a massive electromagnet and connected to the LEP-
Ring. Each cell, when triggered, transmits a voltage peak, a time signal,
and an ID number. That’s all! Computers, reconstruction techniques,
and models do the rest. The use of the “ionization” construal brings
together and connects chemical and electromagnetic machine-kinds,
making the bubble chamber (cloud chamber, drift chamber, etc.,) and
the Geiger counter (xenon tube, arc lamp, etc.), the detectors at CERN,
and the LEP-Ring members of the same machine-family. They are
linked historically and technologically as innovations of the same
project (i.e. the physics of the motion of interactive charged particles
in electromagnetic fields through liquids and gases), that was projected
using the same ground plan (mapping out the connections between
the geometry of kinds of events with the material conditions of those
events), using permutations of the same machine-kinds. It is this trans-
factual membership that is metaphysically conceptualised by the
mechanical realist as a process of disclosing stratified ontological depth
when the development of any machine-family is made transparent as a
mere means. Mechanical realism allowed the historical innovation and
development of a machine-family to be conceived as the process of fol-
lowing the logic of the stratification of Nature.

The frontiers of new experimental physics are the new challenges of
Ge-stell and the already stabilised technological objects of prior efforts
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achieve their concrete reality and transparency to the extent that they
are available as standing-reserve. In this way, the destining of Ge-stell,
as the destining of physics, promises novel technological complexes of
objects that will challenge the labour processes of physicists to disclose
deeper ontological strata through innovation. The frontier of physics
attains an ontological “superiority” over the past efforts that its destin-
ing is entirely dependent upon. This order of rank is entirely one of 
the “superiority” of challenges over standing-reserve. It is an expres-
sion of the desire for novel experiences and powers. The new strata of
machine-kinds, historically situated within a machine-family, is the
“cutting-edge” or “state of the art” of novel physics that is manifest as
a research programme through its subsequent innovation into further
differentiated machines. The ontology of experimental High Energy
Physics is circumscribed by the permutations of particle detectors and
accelerators innovated by the extension and synthesis of the same
component machine-kinds. Hence, the machine performances of the
LEP ring accelerator at CERN and the linear accelerator at SLAC in the
United States are represented as disclosures of the interactions between
fundamental “particles” and commensurable means to test and refine
the same models and theories. This possibility is a consequence of the
fact that the same models and theories were built into both machines
through the processes of stabilising the convergence and connection of
different permutations of the same machine-kinds during the design
and construction of those machines. It does not follow from the fact
that these machines are different that they are independent. There are
merely different ensembles, different configurations, of the same com-
ponent technological objects and, as such, are members of the same
machine-family. These machines are taken to be independent, or auto-
nomous, because their shared component machine-kinds have become
transparent as standing-reserve. Any technai (as an ideal) disclosed
through experimental physics are represented as “natural laws”, whilst
the modes of disclosure entities such as electrons, for instance, are
limited to their instrumentality within interconnected strata of
machines for which electrons are utilised in the inscription and inter-
pretation of their performativity.

Models, metaphors, and machine performances

The modelling of the performativity of machines, in relation to the
labour processes of the research programmes that circumscribe them, is
a process of positing causal relations and mechanisms that are relevant
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to the particular goals of that research programme. The transference of
these models between members of the same machine-family, as a
process of cross-checking and modifying both the models and the per-
formativity of the machines, transforms the posited causal relations
into a more abstract code and leads to their generalization. The experi-
ences of the research workers on one particular machine can be related
to the experiences of the research workers on another particular
machine, through these generalised models, unifying these machines
as members of the same machine-family. The physicists working on
DESY in Hamburg, the DELPHI detector at CERN, and the SLAC
machine in the United States, for example, can relate their experiences
through the abstract and codified Standard Model of Elementary
Particle Interactions. This occurs despite the fact that this general
model needs to be extensively expanded, refined, and modified to be of
any use in exoframing their particular projects. The physicists are able
to generalise and unify their experiences as experiences of the same
kind of events by relating their experiences in terms of a shared general
model, and, as a consequence, transcend the particularity of the
specific machine performances. It is only in relation to a shared general
model that these physicists are able to translate their particular experi-
ences of the particular performances of particular machines into
general observations of the same processes. This endows those events
with autonomy and transfactuality. Transfactuality should not be of
any surprise given that it was built into the machines from the onset
and has been continually maintained by the experimenters in their
interpretations of their experiences. The transfactuality of those experi-
ences is a consequence of the transfactuality of the exchange of experi-
ences in terms of a shared general model that is both built into the
design of the particular machines and is used to interpret and exorefer-
ence their performances. Without a general model, those experiences
would be incommensurable because they would lack any common
frame of reference, and, therefore, the use of a general model is a pre-
condition for any division of labour within ongoing experimental
research programmes. The use of a general model is also a precondition
for the subdivision of any research programme into particular experi-
ments and further specialization. The use of general models also allows
the physicist to de-personalise their experiences and represent them as
the experiences that anyone would have (providing that they were
familiar with the general model). It is de-personalization of the final
accounts that is represented as objectivity and facilitates the removal of
the particular labour processes that were necessary for the physicist to
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have those experiences. This is an example of reification. The experi-
ments and theories of modern physics, presented as autonomous and
transfactual in terms of a general model, can only be divorced from the
challenges of Ge-stell and the teleological positings of the labour
process by presuming the validity of the precepts of mechanical realist
metaphysics. This is an expression of the public conflation of techne
and episteme that has been central to experimental physics since its
onset in the work of Galileo. The general causal accounts of the stable
products of the socio-technical processes of labour can be presented as
universal knowledge of the eternal and fixed efficient causes of Nature
in terms of the general mathematical laws that describe the mech-
anisms responsible for phenomenal changes. It is at that point that
both human agency and machine performativity have been written
out of the account completely. This conceals the teleological positing
that is inherent in the destining of experimental physics because, by
presenting the directions and products of physics as the disclosure of
natural processes, it has hidden the purposes and challenges for which
the experiments were set-up to satisfy. This concealment hides the
beings for which the disclosures of physics are truths and powers, and,
as a consequence, not only hides the choices that have been made
regarding the human inquiry into Nature, but also hides the funda-
mental relation to Being that provides the precondition for those
choices. It is as a result of this concealment that Ge-stell became the
natural mode for being-in-the-world, and, simultaneously, became
concealed from presence as Ge-stell.

A model of any real process is inherently a simplification, abstrac-
tion, and an approximation of that process. In experimental physics,
the labour processes of making a model involve abstracting the mecha-
nisms and functions of the apparatus in order to make manipulation of
the model as simple as is pragmatically acceptable whilst simultane-
ously making selections as to which features of the apparatus’ con-
figuration are essential within the particularities of the research project.
The purpose of a model is to represent reality and to simplify it.
Physicists, when constructing models, have to make a choice between
making the model simpler (easier to work with) or making it more
complex (realistic). Physicists abstract, picture, and generalise a real
process, or the world, and only the most naive empiricist would claim
that a perfect model perfectly represents reality. If a model were to
mimic reality in every detail then the model would be useless.
Furthermore, the purpose of a model is to explain a real process (by
relating structures, mechanisms, or functions to objects, phenomena,
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or systems) in order to explain the various emergent properties that it
has. Models allow the processes of experimentation to continue
through relating features of phenomena, experimental procedures, and
exoreferences to “physical variables”. A model is a tentative, re-evalua-
tive pragmatic tool evaluated according to its instrumentality in
making descriptions and explanations useful and intelligible. It is an
essential link between mathematical functions and experiment, pro-
viding the exoreferences needed to connect the machine performances
of exoframed apparatus and calibrated instrumentation with a “physi-
cal process”. Exoreferenced mathematical expressions can be used as
functives within exoframed apparatus that relate the calibrated instru-
ments and machine performativity of apparatus with the “physical
processes” that are being experimented upon by providing a visual,
descriptive, explanatory, and intelligible representation of the “chang-
ing of the changeable” of the experiment. They are used to design and
construct instruments, experiments, and computer simulations, as well
as to calibrate measuring devices, and interpret experiences in novel
contexts. Models are transferable across contexts in which a common
abstract feature between those contexts allows the implementation 
of the same abstract model. This allowed Laplace’s equations, for
example, to serve as a mathematical model for quantifiable change in
diverse fields such as gravitation, electrostatics, electricity, elasticity,
and liquid flow. It is the use of such models as analogies that unifies
and informs otherwise distinct fields of scientific research.

Francis Bacon regarded the use of analogy as essential to scientific
thinking because the investigation and observation of resemblance and
analogies provides us with a sense of the unity of Nature and a founda-
tion for scientific inquiry.1 Analogy is a fundamental technique for
enhancing intelligibility and facilitating communication by comparing
the phenomenon to something familiar and to be drawn in terms of
visual representations. As Gooding argued, it is via using analogies such
as “curves of force” – one of the central visualizations in electromag-
netic theory – that Faraday was able to visualise the phenomena under
investigation and construct models and develop novel experimental
techniques, models, and communicable experiences.2 There are many
other examples of analogical reasoning and modelling in the history of
science. Galileo used the Jovian satellite orbits as an analogical support
for Copernicus’ heliocentric solar system. Kepler used an analogy
between musical harmonics and planetary orbital geometry. Newton
used a terrestrial projectile as an analogy for the Moon. Bohr used the
heliocentric solar system as an analogy for the hydrogen atom. The free
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electron theory of metals, the kinetic theory of ideal gases, the Ising
theory of ferromagnetism, the Standard Model of Elementary Particle
Interactions, the Big Bang theory, etc., are all examples of analogies
used to construct intelligible models to explain phenomena. This ana-
logical feature of models is essential for the heuristic of scientific discov-
ery to occur at all by providing explanations of novel phenomena in
terms of familiar narrative and imagery. Through verbalization and
visualization the novel can be related to the familiar in such as way as
to suggest familiar techniques to innovatively explore the novel. In this
way a model can be used to make sense out of a phenomenon by relat-
ing it to things that are already pragmatically understood. An example
of using a model in this way would be the wave theory of light, which
was demonstrated using ripples in water to explain phenomena such as
refraction and diffraction. The use of such a model provided physicists,
such as Young and Fresnel, with transferable techniques by which they
could build an apparatus to demonstrate the wave-like nature of light.
The analogous use of the wave theory of light to exoreference the wave-
functions of Schroedinger’s equation, or QED integrals, to observational
events in the physical context of the double-slit experiment with “elec-
trons”, in order to disclose “wave-particle duality”, shows how the
analogy with the Young and Fresnel experiment permitted probability
theory to be postulated as an intelligible model of the “unobservable”
quantum world. The analogous relation of the technical definition 
of “probability wave” in mathematical theory with water waves com-
municates and represents the perceptual phenomena to the machine
performance in order to make the experiments and mathematics intelli-
gible as means of disclosure. The heuristic use of the wave theory of
probabilities to interconnect logical, mathematical, and computational
analysis of “sub-atomic phenomena” provides a technological frame-
work in which calculations and observations can be made and also a
logical structure through which “thought-experiments” can be con-
structed. This allows a model to be used to make predictions by calcu-
lating numerical values, in relation to any variation of factors, and 
also to derive new hypotheses, theoretical conceptions, and possible
observations.

Morpurgo’s use of Millikan’s oil-drop experiment as a model tem-
plate for a novel apparatus to search for free-quarks shows how the
analogical use of a model can also suggest ways to associate “well
understood” experiments with new experiments.3 The apparatus was
an analogical association between otherwise distinct theoretical enti-
ties. This was a bounded technically rational strategy because, by
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analogy, what Millikan had already established about discrete elec-
tronic charge using his oil-drop apparatus, Morpurgo could potentially
establish about discrete fractional electronic charge (the theoretical
characteristic of quarks), and consequently use Millikan’s apparatus as
a model for an apparatus to search for free-quarks. At each and every
stage of construction, his choices of components and their intercon-
nection were analogously situated in a pre-existing technological
framework by using a model to refine and develop that framework.
Techniques for the identification, measurement, and manipulation of
“charge” could be transferred, by analogical use of a model because
both machines shared components that were members of the electro-
magnetic machine-kind, such as capacitors and electromagnets, and,
through the use of transfactual indices and functives, such as “charge”,
in the context of shared machine-kinds, they could use commensu-
rable exoreferences to interpret their performances. This shows how
analogy plays a synthetic role in bringing together heterogeneous
domains of experience and allowing them to cross over boundaries
between distinct specializations and bring them together as members
of the same machine-family. Throughout the history of physics, new
models often emerge when two previously distinct disciplines or fields
are brought together. For example, cosmologists trying to understand
“dark matter” have sought a mechanism by which it can be detected.
In contemporary quantum physics, “superfluidity” (itself an analogy)
can be taken to be an analogy for “a vacuum” in which changes in
“the AB-boundary position”, between “the A-phase” and “the B-phase”
of “superfluid He-3”, can taken to be analogous to “the symmetry
breaking” that “occurs because of certain cosmological strings of dark
matter” that are “predicted” by “the Inflationary Phase of the Big
Bang” model (based on an analogy between space-time and an expand-
ing gas).4 It is because of analogical reasoning like this, that machines
such as dilution refrigerators (previously used to map out the proper-
ties of superfluid He-3) can be used as possible “dark matter” detectors
and the two previously distinct ultra-low temperature quantum physics
and theoretical relativistic cosmology can be brought together.

An explanatory model can only be said to approximate the truth and
maintains its “ontological realism” through the commitment of its
adherents and allies if it is an intelligible model. If one postulates that
light was really comprised of waves then the wave theory of light 
has been mathematically projected over the phenomenon of light in
order to make the behaviour of light intelligible. The physicists skip
over the phenomenon and interact with the model as if it were the
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phenomenon. An example of this is the demonstrative and educa-
tional use of electrostatic machines in the eighteenth century to
suggest a connection between electricity and lightning postulated a
heuristic connection between such machines and the means to explore
the natural phenomenon.5 Of course, it is not necessarily the case that
a model is considered in this way. The instrumental and metaphorical
use of models allows physicists to explore the postulated ontology
whilst remaining tentatively sceptical about the final truth-status of
the theories that they use. Such models are used instrumentally as a
technique and an inspiration. Many physicists use quantum mechanics
in this way. It facilitates calculations and predictions but the physicists
do not necessarily commit themselves to its reality. However, in an
ongoing physics experiment, the apparatus is itself constructed accord-
ing to models of the performativity, how those components will relate
to one another, and how they will interact with the phenomenon
under investigation. Many such models built into the apparatus in its
set-up to relate its components and realist interpretations of these
models are necessary if the apparatus is to operate as a means of dis-
closure. By using models to accommodate complicated phenomena
within the technological background, physicists are able to use a
model to provide intelligibility, cognition, and articulation, whilst rela-
ting variables to model the apparatus in terms of functional sequences
and relations, which are connectable to operations and procedures.
Modifiable exoframes have a capacity to accommodate development
and change in the configuration of the apparatus and the understand-
ing of the phenomena, and to accommodate discrepancies and prob-
lems that arise in their use. This allows for the quantification of
properties (an essential factor for measurement) and represents the
phenomenon as a set of mathematical relations between functions,
variables, and constants that are open to refinement and increased pre-
dictive accuracy. Epistemic and techneic uses of models are intercon-
nected via exoframing, in order to model the complete physical
experiment as a mode of disclosure by connecting the manipulative
procedures of experimentation with “physical variables”, and blur the
distinction between representations and interventions. Both the con-
figurations of the exoframed apparatus and the current model are
refined and related to the disclosed techno-phenomena in order to
establish correspondence between them on the premise that a stable
and coherent procedure “must have some relation to the truth”. The
machine performances, of course, are eventually predictable using the
latest refinement of the exoframe. Then the physicists publish.
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Novel experimental physics is not simply hypothesis testing or
theory falsification; it is a technological and theoretical ongoing pro-
cess in which observations, models, expectations, and techniques are
developed simultaneously in the context of making the experiment
work as an experiment. Modelling, achieved through the connection
of visual representations and mathematical functions, allows a model
to act both technically and metaphorically by simultaneously model-
ling how something works and what something is. Thus the process of
modelling is a two-fold process within the context of developing stable
experiences and stable technical procedures, with the aim of construct-
ing stable communicable observations. This process involves a reitera-
tive interplay between the technical practices, instrumental modelling,
and phenomenal modelling, which interact with each other as the
working experimenters attempt to construct stable scientific solutions
as perceptible and intelligible to both the experimenters and the wider
public. Models allow for human imagination, reasoning, argumenta-
tion, negotiation, visualization, and intuition, to be active in bringing
“a natural mechanism” into the public realm, by making “it” and
object for manipulation, cognition, and conception in terms of famil-
iar objects and relations. This use of modelling connects perception,
imagination, and intuition, with “natural mechanisms” via technical
manipulations and procedures. It allows the experiences of physicists
to be translated into different contexts of ongoing and innovative
material practices, and the success of an analogy in scientific work is
rhetorically supported by reference to its usefulness rather than its
truth, on the basis that “it is a model which works”. It remains tech-
neic, situated in the context of developing and tentatively evolving
practices, apparatus configurations, and skills, but by virtue of its
instrumental success, it is treated as if it has some probabilistic epis-
temic correspondence. Probabilistic arguments require attendance to
already established beliefs, assumptions, prejudices, and opinions, if
the arguer is to be successful in establishing the analogy as probably
true, because they are attempts to establish a similarity, a likeness, in
terms of the familiar and already accepted.6 In order to secure epis-
temic correspondence, a model must be rhetorically secured to the
already established conventions of a community. This involves using
imagery, metaphors, assumptions, predispositions, and values, which
the community already has, in order to present the enthymeme as con-
vergent and coherent with the community’s conventions. By cohering
with already established conventions, the argument has the character
of a “naturalistic” argument; the community is more likely to accept
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what is possibly true as probably true, and what is probably true as
true. The success at achieving this depends on perceptions of credibil-
ity, appropriateness of the analogy, the inspirational quality of the
analogy used, utility of the model, and the difficulty (and risk) of refut-
ing the analogy. This requires widespread distribution through credible
media and also the refutation and avoidance of any criticism. When
making choices regarding what to put into a publication, and what not
to, scientists already pre-empt possible criticisms to their results. This
means that scientists are engaged in the public acceptability of their
work when making their choices about the direction of that work. In
Kuhn’s terms, such an argument must be made within a shared para-
digm and there would be a set of exemplar arguments that would have
a high chance of working.

A model can be constructed out of visual, verbal, and mathematical
analogies but, in order to qualify as a legitimate model in experimental
physics, it has to facilitate the derivation of measurable quantities. This
constraint means that the possibilities available for any particular
model are limited by the physicists’ expectations of measurability. This
expectation is constructed according to expectations of cost, in terms
of credibility risk and available resources, and perceptions of the limi-
tations of available technology. The expectation of what is measurable
is decided in reference to the already established labour processes, the
economic support available to the group, and the conventions of meas-
urement. This expectation of measurability situates the available
choices of models to be consensually commensurable within already
established practices of the technological framework. It is in relation to
this axis of commensurability that the perception of measurability 
and manipulability is constructed as a perceived functionality of the
available machines. It is this perceived functionality that acts as a
constraint upon theory and practice. “Natural phenomena” in experi-
ments are reduced to exoframed machine performances and, therefore,
the object of experimental investigation is itself an analogy, a model,
of the “natural phenomena” under investigation. This show how there
is a “gap” between the experiment and the natural world that can only
be “bridged” using metaphysically underwritten metaphors. Empirical
experience is defined within experimentation, via a technological con-
straint upon the form of any models used and what the possibilities of
use could be, which reduces what the form of a scientifically demon-
strable ontology could be. Physicists will not consider any ontological
description to be empirical unless that description has been produced
within and validated by the technological context of experimentation.
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This technological framework extends to visualizations, interpreta-
tions, conceptualization, and mathematical abstractions. A model is
invalidated if it cannot be subjected to experiment and it must remain
within the boundaries of manipulations and demonstrable context
using publicly acceptable techniques. Thus the natural properties asso-
ciated with “copper”, for example, are those, and only those, properties
that can be mechanised and repeated within a technological frame-
work. When these properties are taken to be the “natural phenomena”
the experiment replaces them with model constituted in terms of a set
of exoframed mathematical functions, stable interpretations, and
related visualizations. By doing this, the physicists are simultaneously
taking the model literally as the phenomena and metaphorically by
treating the technologically constituted model as the natural phenom-
ena. The model has replaced the phenomena through mathematical
projection, in Heidegger’s sense, whilst being treated as a mere instru-
ment. The situation in experimental quantum physics is even more
ambiguous because we are in a situation where our only experience of
the phenomena occurs in the laboratory. There are no experiences of
entities such as “superfluids”, “neutrino oscillations”, or “tau-leptons”
that occur outside the highly technological environments of the
production, detection, and modelling context. As such these machines
do not straightforwardly constitute metaphors because they do not
replace the phenomena but constitute the context of the emergence of
the phenomena. This physics has the reverse situation where the
“natural phenomena” are metaphors for the machine. The machine is
replaced by “natural phenomena” and as such the latter is a metaphor
for the former. 

A metaphor is usually defined in terms of a “deviation or displace-
ment from literal meaning”. However, a notion of “literal meaning” is
extremely difficult to define and maintain except by appealing to
notions of conventional usage and context. This is even more problem-
atical when it is pointed out that the definition of metaphor in terms
of deviation or displacement of the meaning of a word from its literal
usage is itself a metaphor because the meaning of words cannot liter-
ally move.7 The ambiguity of metaphorical usage is heightened when
comparing models and phenomena because we are not exactly making
a literal correspondence between them but rather superimposing one
over the other. A metaphor preserves the sense of the model not being
the phenomena whilst being taken to be interchangeable with the phe-
nomena. It involves equating the previously unequal whilst preserving
the sense of their inequality and simultaneously treating one as the
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other.8 By using a model as a metaphor, physicists are able to treat the
model as the phenomenon, replacing the phenomenon with the
model, whilst distancing themselves from any commitment to that
equation by maintaining that their model “is just a model” and is not
identical to the phenomenon. In this sense, modern physics does not
differ from poetry in that it generates new ways of seeing aspects of the
world through metaphorically facilitating a transformation of conven-
tion, via a sense of appropriateness and intelligibility, in its search for
fundamental truths. The use of models as metaphors brings novelty
and invention into experimental physics by allowing transactions
between distinct contexts of material practice to transfer metaphori-
cally across machine-kind boundaries by using models from analogous
projects as templates. It allows them to tentatively explore the possibil-
ities and actualities and significance of the experiment, without any
certain knowledge, utilising the novelty and invention of the model
metaphorically in order to secure it as a plausible approach to making
the phenomena intelligible. It also allows the possibility of novel
machine hybrids. It does this by bringing together heterogeneous
technological objects within the technological framework of its meta-
physical performance art.

Experimental physics is a techno-poetics in which the models, as
metaphors of experimental imagination, are physically embodied,
through material practice, in the mapping out of the contours of the
interactions between human interventions and machine performances.
It is akin to making an automaton from other automata and situating
it within a world-picture. If we consider the case of the physicists’ use
of “superfluids” to model “cosmic strings” then we can readily see the
techno-poetics of experimentation. What is the metaphor here? It is
through the juxtaposition of two techno-poetical metaphors, the
quantum fluids and those of cosmological topologies in the inflating
manifold of the quantum flux of space-time, that these metaphors are
technically operational as a novel search for truth. Two previously dis-
tinct clusters of techno-phenomena are reflected against each other
and one is presented as a model of the other in order to illuminate
both and also create novel meanings. The metaphor is the substitution
of the exoframed contours of the ultra-low temperature quantum
machines’ performances for the theoretically simulated exoreferences
of dark matter cosmology. It is in this sense that experimental physics
is a poetical and metaphysical performative art that substitutes Ge-stell
for the quest for novel truths and experiences. This metaphor trans-
forms the aloof world of cosmological technographics and exorefer-
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ences into the cluster of technological objects available to the ultra-low
temperature physicist. The transdiction of invisible dark matter rem-
nants of creation (something beyond perceptual acquaintance or
“direct” experience, but used as a corrective to explain the existence of
galaxies) come ready to hand through the techniques of ultra-low
temperature quantum physics. Such a project is beyond the “rigors” of
positivism! The experiences of digital outputs and technographic com-
puter simulations of the performance of ultra-low temperature cosmo-
logical experiments are techno-poetical disclosures of events that
allegedly occurred billions of years before the Sun was born and,
allegedly would be evaporated, without trace, by the sizzling heat of a
snowflake. There is nothing immediately sensory about such disclos-
ures. They are transdictions designed to solve the cosmological absence
of the theoretically required number of visible galaxies, explained in
terms of the resonance signals from vibrating wires inside a dilution
refrigerator. The “mechanisms” disclosed through these experiments
are substituted as proposed mechanisms in operation to explain the
machine performances of their instrumentation and computer outputs.
The vibrations of the thin wires submerged in the near nothingness of
superfluid He-3 are techno-poetical transdictions as a form of “reverse
engineering” which reconstructs machine performativity in terms of
the invisible interactions between “quasi-particles”, “cooper-pairs”, and
“energy gaps”. It is then used as a working model of the motion of the
dark matter remnants of creation within the unfolding manifold of
space-time. The “invisible” is made visible through the metaphorical
substitution of another “invisible”. How could we not see the poetry of
this?

As producers of metaphors, physicists are directing their creativity
towards making aspects of the world intelligible. They may well rhetori-
cally situate these new ways of seeing as objectively corresponding to
something “out there” on the basis of their claim that they are gen-
uinely engaged in attempting to make parts of the world intelligible 
in novel and interesting ways. However, what they have missed,
through familiarity, is that these parts of the world are made and have
transformed the way that the physicists relate to the world. In this
respect physicists are engaged in a very human pursuit that is located,
anchored, and directed from within a world-picture. All theoretical
cognition takes its departure from a background of language use and
material practice that precedes the theoretician. It was only in virtue 
of being anchored, located, and directed, within a cultural background
that physics has been able to create and disseminate the poetical
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“mechanical world-picture”. The development of novel physics is bound
up with a mode of being-in-the-world that cannot be divorced from the
cultural background that makes that mode possible. This cultural back-
ground gives modern physics its reality. The metaphorical use of pic-
tures and technological objects is an extension of this cultural
background and, as a consequence, it is a socially constructed reality.
Metaphors allow a disordering and ordering of social imagination in
such a way as to say something about one thing in terms of another. By
allowing selections, emphases, suppressions, reductions, and organiza-
tions, of the components of novel subject matters to be made in terms
of other subject matters, metaphors are essential to the development of
new ideas and are not merely “dispensable graces and ornamentation.”9

Metaphors are essential for the development of novel technical lan-
guages from established technical languages and ordinary language.10

However, when we begin to lose the sense that what has been made
equal is not equal, when we loose the sense the “model” and “phenom-
ena” are not the same, then our metaphors cease to be metaphors and
become literal and assertive truth claims. This strategy uses rhetoric to
move from poetics to establish something as plausibly true in terms of
the current conventions, current perceptions, beliefs, standards, values,
presumptions, dispositions, assumptions, prejudices, etc. The trans-
formation of the metaphorical innovation of language into literal usage
is a transformation of the background of conventional language usage
available for future transformation. Physics is a mode of agency directed
towards the innovative production of models and technological objects
by using metaphors to transform and extend the reality that it is
making. This involves the poetical and rhetorical use of metaphors in
constructing pictures of Nature and also the innovative use of techno-
logical objects metaphorically across contexts of production. The reality
of physics is brought forth into Being. It is in this sense that physics par-
ticipates in poiesis and “world-making”, as well as in the sense of provid-
ing the world with world-changing prototype machines (such as the
electric motor and the atomic bomb) which the physicists “brought into
being”. The nature of poiesis has been transformed by the performative
and productive art of experimental physics to explore truth in terms of a
series of disclosures of our productive and performative possibilities.
This kind of truth does not readily support either realist or positivistic
interpretations of physics. As Nelson Goodman put it,

What I have said so far plainly points to a radical relativism; but
severe constraints are imposed. Willingness to accept countless
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alternative true or right world-versions does not mean that every-
thing goes, that tall stories are as good as short ones, that truths are
no longer distinguished from falsehoods, but that truth must be
otherwise conceived than as correspondence with a ready-made
world. Though we make worlds by making versions, we no more
make a world by putting symbols together at random than a carpen-
ter makes a chair by putting pieces of wood together at random.11

Truth cannot be divorced from the beings for which it is a truth
without making it unintelligible. It arises as truth through a mode of
agency and is disclosed through making it into a disclosure. It is
brought-forth as truth. It is a mode of aletheia and discloses the way
that experimental physics belongs to bringing-forth and techne. The
establishment of realist belief occurs when models are taken literally
instead of metaphorically. This substitutes a model as a phenomenon.
The techne induced and abstracted from the ongoing productive prac-
tices of experimentation is disclosed as episteme. This facilitates the
removal of the mode of disclosure from the context of working prac-
tices and social agents through which it occurred. Once this has been
achieved then its products can be represented as “abstract general prin-
ciples of how Nature works” and represented as yet another confirm-
ation of the success of physics. It is through taking literally the
metaphorical substitution of mechanistic models “of Nature” for the
mechanistic techneic modelling process that allows the machine perfor-
mances and manipulative procedures of the experiment to be dropped
from physicists’ accounts and replaced with abstract mathematical
“Natural Laws” and causal mechanisms. It is due to this process of
reification and abstraction that experiments can be seen to test
hypotheses, falsify theories, and that the phenomena in question are
represented as the product of a set of “natural mechanisms”. The
metaphor of “natural mechanism” has been established in our culture
for at least 400 years and is the cornerstone of experimental physics.
The establishment of experimental physics was simultaneously the
rhetorical establishment of the literalness of “natural mechanism” and
the transparency of experimentation as a means of disclosure. The
establishment of the method of experimentation as a road to truth was
only possible because of the metaphysical precepts of mechanical
realism. Techniques and machines could be treated as transparent
means to the truth about natural mechanisms. The discourse of physi-
cists could be then presented as directly reading the Book of Nature
rather than writing it. Innovative modelling, developed in the process
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of making the work of making material practices intelligible, is a
metaphorical process that is used rhetorically and poetically to disclose
the discovery of human productive and performative abilities
metaphorically as a disclosure of natural law. As Ralph Waldo Emerson
put it,

Man is a shrewd inventor, and is ever taking the hint of a new
machine from his own structure, adapting some secret of his own
anatomy in iron, wood, and leather, to some required function of
the work of the world.12

The technological framework of experimental physics

As Nicholas Maxwell pointed out, we must not forget what sort of
being scientific theories and models are intelligible for.13 Once we
address intelligibility as a central criterion for theory and model choice
then we cannot remove the living bodily being, namely scientifically
persuaded human beings, for whom those theories and models are
intelligible, without removing their intelligibility. Furthermore, as the
choice of theory or model is bound up with the choice of research pro-
gramme, then we can not detach the question of which theories and
models are to be explored from the teleological positings in the “ex-
ternal” world of commercial, political, and military ambitions, that 
the direction of research has promised to satisfy in exchange for
resources, equipment, and space. Modern experimental physics is situ-
ated between two dimensions of productive activity: the “internal”
dimension of the production of intelligible explanations of machine
performativity in terms of natural laws and mechanisms, and the
“external” dimension of the production of innovative transformative
powers and machine prototypes. In order to understand how these
explanations of machine performativity are made intelligible and com-
municated then we need to examine the complicated processes
involved in learning how to have experiences of otherwise “invisible”
processes and entities. This involves understanding how someone
becomes a skilled experimenter.

Any new research student entering a modern experimental physics
laboratory for the first time enters a highly complicated technological
environment populated by already established practitioners. S/he is a
novice despite her/his familiarity with technology use and science.
Her/his previous experiences and acquired knowledge of basic tech-
niques and scientific theories are insufficient for the purpose of making
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this new environment intelligible. S/he requires further training. Many
students and researchers anecdotally recall being told to “forget every-
thing they learned before” as they are initiated into “the world of
research”. Novice students frequently spend the first year “familiarising
themselves” with the experimental apparatus, techniques, procedures,
theoretical models, computer simulations, and “the way things are
done” within the laboratory. They learn the techniques and tactics.
They are also expected to familiarise themselves with “the current liter-
ature” and “who’s who in the field” as the definition of “the field” and
“the state of the art”. They also learn what the laboratory’s projects
and aims are, as well as who are their allies and competitors. In short,
the novice student is socialised as a competent laboratory member by
being orientated within this specialised technological and social envir-
onment. A novice student’s prior familiarity with using technologies
and her/his previous knowledge can only help as a starting point. For
the purpose of participating in the specialist character of all scientific
research, the idiosyncratic character of particular laboratories’ working
practices, and the novelty and complexity of the experimental
research, the student’s previous education is too general, too basic, and
also often obsolete. The student’s education would not provide the
level of refinement of skills and technological familiarity required
when working upon the experimental apparatus.

Although research physics students often attend general theoretical
courses, learning both general mathematical and theoretical tech-
niques, most of the training will be in the context of the specific labo-
ratory work. The novice student needs to rapidly make the highly
complicated technological environment intelligible through the
embodiment of the already established laboratory practices. S/he learns
the methodology. The first stage of this process of orientation requires
a great deal of “black-box” abstraction of the laboratory’s activities and
the experimental apparatus into sequences and series of functions,
operations, and procedures. These range from the operations of devices
and instruments in specified circumstances to the procedures for
recording operations in laboratory notebooks. The novice is taught
specific bodily acts and technical operations; this orientates the novice
as an experimental practitioner. This form of learning is entirely one of
attendance on the part of the student, and instruction (both formal
and informal) on the part of the already established practitioners. The
term “attendance” denotes certain attitudes on the part of the student.
This term means more than simply being present. It denotes an atti-
tude of listening, attentiveness, and care. It is used in the same sense as
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when someone attends to their duties or attends to someone else’s
needs. This term implies that the student is engaged in more than a
passive learning relationship within the laboratory. The student is
actively orientating him/herself through making his/her working
environment and the project(s), in which s/he is a participant, both
intelligible and her/his own. It is through this habituation and famil-
iarization, in terms of “when this gauge reads A then turn that dial to B
because this performs function C” instructions, that the technological
environment is embodied in practices as a set of techniques. This
socialises the student into “how things are done” in terms of opera-
tional procedures that are represented in terms of cause-effect
sequences. In this way, the novice learns how to operate the experi-
mental apparatus and become a competent practitioner. The novice
student also learns, as an equally important part of learning “how
things are done”, the social dynamics within the organization of the
laboratory, and how to orientate her/himself within everyday working
practices and relations. This involves learning “who is best at what”,
“how to approach so-and-so” in order to obtain their help, how work
tasks are organised, how meetings are organised and resolved, and even
how to join in with the laboratory members’ “sense of humour”. In
short, the novice must learn how to position her/himself within a
labour process. The social dimension of the labour process is as equally
important as the technical operation of the apparatus for the student’s
acquisition of competency. The student needs to be orientated into the
socio-technological organization of the laboratory in such a way as to
become a negotiator rather than merely instructed, and must survive a
process of socialization through which the student’s relationships are
both dialectical and didactical. The didactical aspects of the student’s
relationships are those in which s/he learns established practices
through following instructions and mimicry. The dialectical aspects are
those in which the student negotiates her/his own position in the
labour process and the experimental apparatus through questioning
and participation.

However, the praktognosic processes of the embodiment of tech-
niques are necessary but insufficient to make the laboratory environ-
ment intelligible and workable. The empirical constant conjunctions
between machine performances and the interventional techniques are
exoframed, from the onset, with theoretical descriptions and represen-
tations of “invisible physical processes”. The student learns how to
use models to exoreference techniques in terms of “physical
processes” as an essential part of making the process of experimenta-
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tion intelligible. This is how the student acquires the necessary back-
ground to be able to have these experiences for her/himself. It is a
process of mathesis emerging from the praktognosic embodiment of
the exoframed technological framework. The student is taught how to
make the performance of the experiment intelligible in terms of inter-
pretive models, mathematical laws, theoretical conceptualizations,
and visual representations of invisible “physical processes” that are
claimed to be occurring within the experimental closed system. For
example, a physics student might learn that “adjusting the yellow
valve marked B changes the pressure of the helium-3 flow”, that
“switching on circuit A turns on the magnetic field”, or that when
digital display C reads “D” then “the phonon absorption rate has
reached a significant level”. The “physical properties” then can be
“actualised” by pressing switches, or turning knobs, which tacitly
relate techniques to “adjusting energies”, or “quantum states”, or
“temperature”, or “magnetic polarization”, etc. This tacit juxtaposi-
tion between procedures and the manipulation of “physical variables”
is an interpretive, technical, and cognitive orientation within the
process of making the laboratory intelligible. Embodying this tacit
connectivity in practice allows the novice student to participate in
“doing physics”. Mathesis makes the abstract level of theoretical
physics manifest in, and linked to, the material practices of the opera-
tion of the apparatus and the student’s experiences of the performa-
tivity of the experiment. S/he learns how to participate within the
labour process and how to make sense of the products of this process
in terms of experimenting upon the correspondence between models
and “a physical process”. By learning how to use models to interpret
the performances of the apparatus, the student learns how to conduct
scientific negotiation and reasoning, and becomes an experimenter.
The extent to which the student will be perceived by the already
established practitioners to have become “competent” will be depen-
dent upon the student’s success in orientating her/himself within the
context of the labour process as a productive practitioner. It is by
doing this that the other practitioners will perceive the student as
having acquired the skills necessary to do the work. The student will
become competent by embodying the methodology of physics and
mathematical projection in practice, and by learning how to embody
that methodology for her/himself in such a way that the connection
between models and procedures becomes tacit. The student learns
how to take measurements and make observations by implicitly relat-
ing exoreferences and techno-phenomena with the functionality of
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apparatus, which, in turn, becomes an increasingly transparent means
of disclosure of theoretical mechanisms.

Experimental physics is a highly complicated and “messy” affair. The
novice student has to learn not only how to make skilled judgements
about how to proceed with the work, but also what constitutes a
“skilled judgement” in the first instance. Experimental apparatus do
not always work in accordance with expectations. In fact, many exper-
imentalists often joke that experiments rarely work in accordance with
expectations. The novice student learns the intentions and expecta-
tions of the laboratory in the context of productivity despite frequent
instability and complexity. S/he learns what constitutes “working well”
as well as “what to do”, “how to do it”, and “when to do it”, as estab-
lished tactics for dealing with the instabilities and complexities in their
work as they attempt to stabilise productive working practices. In this
way s/he acquires the received wisdom of “how to perform experimen-
tal physics” and “what the results should look like” if the experiment is
“working properly”. The embodiment of “the best way to proceed” to
“achieve realistic goals” is passed on to the student through this orien-
tation of the student’s expectations and practices in line with the
established and stable expectations and practices of the laboratory. The
student also learns, in parallel to “working well”, what constitutes a
“breakdown”. S/he learns “likely causes” of “breakdown”, the “whys”,
and “the best way to fix it”, as part of the process of familiarization
with the laboratory’s embodied history of trial and error experiences,
modifications, interpretations, and goals. The “best way to fix this” is
often a particular solution to a “failure” which is pragmatically taken
to be the solution provided it remains stable. For example, the student
may well learn that if a particular characteristic signal appears on a
spectrograph and is considered by the already established group
members to be “noise”, and consequently “undesirable”, then it
should be “fixed”, or “removed”, by “changing a connecting cable”,
“adjusting the signal amplification”, or whatever. Much of experimen-
tal physics involves the acquisition of a collection of experiences of
tinkering with the technological configuration in order to maintain a
stable output in line with expectations.

It is only when such attempts persistently “fail” and that the output
persistently “fails” to meet expectations that the experimental practi-
tioners will look “deeper”. This “deeper” look involves making “a
skilled judgement” regarding whether there is a serious problem with
the construction of the experimental apparatus, the performance of
particular procedures, or there is “new physics”. This judgement is per-
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formed by running through a list of possible transdictions, either
removing possible sources (until it vanishes), or exploring it through
subsequent innovation (making it instrumental in the performance of
its own disclosure). If the expected output can be achieved and
stabilised by re-building part, or all, of the experimental apparatus then
the problem is determined to be one of apparatus design or construc-
tion. The experimental apparatus was “flawed”. If the expected output
can be achieved and stabilised by using a different technique, or
simply by someone else performing it, then the problem is determined
to be simply a matter of practice. The experiment was “performed
badly”. If the expected results cannot be achieved through changing
the apparatus design or operation then (typically only then) “new
physics” will be suspected. Something was “misunderstood”. Only if
the anomaly remains stable and an impediment to the research project
will it be considered worthy of further investigation. The extent to
which Popper’s “falsification principle” is a principle in scientific work
is that, in principle, any scientific theory or hypothesis should be
falsifiable, but working physicists rarely spend any time falsifying
hypotheses or theories. Most scientific endeavours are attempts to
make things work. A theory or hypothesis will only be rejected if it
consistently fails to work and there is a workable alternative. Otherwise
it will be avoided and the work will continue as before.

Anomalies are generally only seriously considered when the current
model persistently fails and an alternative hypothesis is presented to
account for them and suggest a new direction for experimental
research. Without this “explanation” the experimental result rarely is
considered “publishable” and is often considered to be a “dead end”. If
a practice, technique, interpretation, theory, or tactic, is working well
within the coherent social agency of the labour process, then it will be
used whilst the experimenters deal with more interesting or problemat-
ical matters. It is this pragmatic acceptance of practices within coher-
ent social agency that establishes stable technological objects according
to their instrumentality. The stable technological object is made prag-
matically meaningful through training and demonstration in such a
way as to “explain” the meaning of the practices by showing its
intended effect in the context of the work. The purposes of practices
are given a pragmatic basis of meaning in terms of their usefulness,
which the student learns through mimetic attendance towards the
uses, the intentions, and the expectations, implicit within the labour
process. However, a research laboratory is not comprised of homoge-
neous individuals and does not constitute a simple social agency.
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Physicists, like people from all walks of life, are idiosyncratic and have
divergent interests, and constitute complicated social agents in their
own right, which may, or may not, cohere with the aims, expectations,
and practices of other social agents. Within any laboratory there is a
diversity of opinion about “how to do physics”, “how to solve this par-
ticular problem”, or even if “there is a problem here”. Of course, the
practices of any working experimenter must remain within the shared
template of the methodology if they are to be performing the same
experiment and communicating their experiences in commensurable
terms. From within the boundaries and constraints of the shared
methodology the experimenter has considerable space for negotiation
and choice about her/his response to perceptions of competence, cred-
ibility, and the potential outcome of interpersonal interactions.
Practitioners may well share a commitment to make the experiments
they perform work well, and to publish excellent results, but they may
not necessarily agree about what constitutes “working well” and
“excellent results”. The diverse opinions on interpretations, visualiza-
tions, or appropriate techniques, can be sufficiently incoherent as to
leave a great deal of latitude regarding what constitutes a “skilled
judgement”. In the process of experimental work there is a dynamic
social process of bringing-together diverse social agents engaged in the
negotiation of “how to proceed”. This dynamic social process is
directed to transform a collection of diverse social agents into a unified
convergent social agency in interaction with other laboratories, confer-
ences, and funding bodies, etc. Many of the choices required for the
construction of “skilled judgements” are not always made on overtly
“scientific” criteria. Economic and political factors are involved in
choice of projects in order to gain prestige for the laboratory, attract
funding, attract media attention, undermine a rival laboratory, etc.
Choices are bounded, context dependent, and pluralistic selections
because they are made in contexts of resource relationships, interests,
and social connections that transcend the laboratory, based on oppor-
tunism and estimations of risk within a wider social context, and are
not made solely in terms of internal logic, or “scientific” rationality. As
a social agent, that being a scientific negotiator involves being a nego-
tiator in a wider context than the laboratory.

Through the above social processes, the student, by acquiring com-
petency, is orientated within the developing stable labour processes of
the group in such a way as to become a negotiator within the group in
terms of a praktognosic exchange of “skilled judgements”. A stable
labour process constitutes simultaneously both a stable social order
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and a stable technological order. It is a socio-technical organization of
technological objects, bodily motility, and technique in accordance
with the demands of research. In the context of production, “order” is
determined pragmatically in terms of “stability” and “reproduction”.
Any change of the labour processes will occur in response to “disorder”
and “instability” and will become established if it is deemed to
promote “order” and “stability”. In this way the technological frame-
work develops in accordance with ongoing stabilization of labour
processes in response to periods of instability and disorder. The estab-
lished convention of the technological framework is periodically open
to re-evaluation and negotiation as periods of incoherence, disorder,
and instability regarding “the best way to proceed” are encountered.
These periods of incoherence manifest themselves as new problems
and the awareness of a lack of “skilled judgements” regarding the solu-
tion to these new problems. These new problems arise because in inno-
vative and complicated work, such as experimental physics, the
socio-technological order is underdetermined because technologies are
used for purposes other than the use for which they were developed
and, consequently, their use, in terms of what can be done with them,
remains to be constructed through trial and error judgements from
within a template of possibilities. The interaction between changes in
the technological configurations of the apparatus and its responses to
those changes are also underdetermined (otherwise there would be
nothing to experiment upon) and opens a space for choice in the selec-
tions and directions available to physicists. It is this space for choice
that allows considerable creativity and free-play in scientific work in
which incoherence between social agents is possible due to the avail-
ability of a plurality of divergent selections and directions. This space
allows an experiment to begin and is removed once a coherent con-
sensus is made regarding the achievement of stability within the labour
processes and the technological configuration of the laboratory. It is
impossible to determine the content of an ordered labour process from
the onset because it is developed experimentally through periods of
disorder and ordering. In other words, stable productivity is incom-
plete, experimental, and no one is able to determine, in advance,
exactly what form it will finally take when it is complete. The working
physicists may well have expectations, as to what the final form might
be, but these expectations are re-evaluated and transformed during the
process of ordering the social and technological dimensions of the
work. Provided that they remain within the template of the methodol-
ogy of their institutionalised field of research, they have considerable
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free-play in the construction of their plan of action. Furthermore, the
technological objects used in experimental work were constructed in
heterogeneous contexts. Each object is teleologically posited as a trans-
formative power when it is stabilised as standing-reserve. An innova-
tive process is one of converging heterogeneous objects and integrating
these diverse centres of transformative powers into a single convergent,
stable, and coherent centre of transformative power in the novel
context. This creates a hybrid novel prototype, available as a techno-
logical object for future experiments. It is also how physics progresses
and specialization occurs. It is heterogeneous, fragile, and fragmentary.
It is experimental.

Experimentation is a highly developed form of social activity that,
for all but the most trivial experiments, requires co-operation,
resources, and complex machinery. Each physicist, when positing the
value of the experiment, is positing purposes and goals to other people
that the experiment has, at least in part, the potential to satisfy. Thus
teleological positings for any experiment is two-fold: the experiment
must be presented as having an external value (i.e. value for economic,
military, or political purposes) and as having an internal value for the
ongoing activities of research (i.e. value for scientific purposes). It has
an “external” value in which the co-operation of non-physicists is
required to provide the resources and facilities for the construction of a
space in which an experiment can occur. It also has an “internal” value
in which the co-operation between physicists is required for the suc-
cessful design, construction, operation, inscription, and interpretation
of the experiment. Each experiment must be set-up as instrumental for
the satisfaction of purposes and values, which are built into the set-up
(unless the physicists involved are being deceptive) and bounds the
estimation of what constitutes technically rational skilled judgements
regarding the stability of the labour process. Physicists, in order to per-
suade themselves and others of the experiment’s potential, must do so
in relation to a background of conventions, expectations, estimations,
and acceptance of what is possible, probable, or even necessary. Thus
every experiment is set-up in relation to a paradigmatic background,
against which it is posited as an exemplar, within the “internal” trajec-
tory of ongoing research and the “external” trajectories of the wider
world’s desires for further technological innovation and power. From
within these trajectories particular exemplary experiments are publicly
presented as necessary (or crucial) for the further progression of those
trajectories. In this sense, experiments are suggested by paradigmatic
backgrounds of ongoing scientific research and technological innova-
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tion. The physicists are challenged by these suggestions to set-up and
perform the experiments that publicly emerge as necessary, crucial,
probable, or even merely possible. From within complex experiments a
further series of related experiments emerge as necessary, crucial, prob-
able, and possible, and the participants will be challenged to construct
and perform them next. It is in this sense that an historical under-
standing of the ground plan of the set-up and trajectory of experiments
is necessary for us to have an understanding of contemporary experi-
mental physics.

The trajectories of ongoing research and technological innovation
are emergent as teleological positings from the technological frame-
work. The highly complex machines and infrastructure required by
modern physics require division of labour in order to function success-
fully as research. The individual participants are defined in terms of
their roles (i.e. physicists, engineers, technicians, mathematicians, stu-
dents, theoreticians, and computer scientists) as they are ordered
according to their techniques, under the challenging and destining of
Ge-stell. Each one of these techniques is defined according to the pos-
tulation of a purpose within the complex of purposes ordered towards
the purpose of the whole. Each participant attempts to elicit perfor-
mances from their part of the machine interface and from other
human participants. The object of their labour is not just the perfor-
mances of the machine but is also the performances of the whole,
interconnected complex of participants upon which the performativ-
ity of the machine depends. Thus the enframing means to achieve
machine performativity are orientated towards both the machine and
the human participants. Machine performativity emerges from the 
Ge-stell of labour upon materials, inscriptions, and other people, and is
not a simple test of theory. The purposes and goals postulated in such
complex experiments constitute technological objects in themselves
and are not simply rational orientations towards theoretical deriva-
tions. The teleological positings of labour are the challenges of Ge-stell
and where “theory testing” plays a role in an experiment it is as a chal-
lenge within the complex of interconnected challenges set-up by 
Ge-stell. If complex experiments can be said to be a test then it is a test
of the socio-technical agency that is gathered and challenged to
construct and perform the experiment. It does not immediately follow
from the success of agency that any theory utilised in the experiment
was correct (or even approximately correct). All that immediately
follows is that yet another challenge has been undertaken and
completed.
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The stabilization of any experiment results in the concrete realiza-
tion of a techno-phenomenon that is produced through the contin-
gent activities and choices made during the efforts to stabilise those
practices. It does not follow that techno-phenomena realised in this
way were waiting to be discovered, or were actualised in accordance
with natural law. What is discovered is how to stabilise those practices.
In my view, J.J. Thompson did not discover the electron as something
waiting to be discovered but, rather, discovered how to make the elec-
tron a stable part of the ongoing extension of the family of electromag-
netic machines. Given that the electron only exercises its powers
within the contexts of this machine-family, then it is irrelevant
whether it is a “real and out there” fundamental corpuscle of matter
because “what an electron is” emerges as an exoreference within the
technological framework of the ongoing researches of experimental
physics. Its reality is inextricably bound up with the destining of these
researches and it is “that electron” which is the object of scientific dis-
course. The electron is a technological object and its reality should not
be divorced from the socio-technical processes in which it is stabilised
and utilised. The technique of spraying electrons, for example, is avail-
able as standing-reserve for challenges by Ge-stell to discover free-
quarks and its disclosure is identical with the responses of machine
performances to human interventions. On this account, the electron of
scientific discourse does not need to have any scientific reality outside
of the technological framework of research because if it were to have
ontological independence from the technological framework then
these facets of its being will not be utilisable as standing-reserve and,
consequently, be inaccessible to scientific research. It would be outside
the technological framework. The labour processes involved in the sta-
bilization of technological objects requires bringing together and
ordering diverse and heterogeneous technological objects across the
borders between machine-families. These objects can be skills, prac-
tices, machines, exoreferences, models, metaphors, representations,
mechanisms, tools, materials, techniques, or inscriptions. The innova-
tive processes of stabilization involve the convergence of divergent and
incoherent centres of transformative power into a single convergent
and coherent centre of transformative power. This is a process of pro-
ducing a stable technological object from many technological objects
within the complex manifestations of a historical labour process. These
emerge from a struggle with contradictions, incoherence, divergence,
heterogeneity, and plurality that are implicit in, and emergent from,
the extension and synthesis of distinct machine-kinds into a novel
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machine-kind. Technological objects made for the purpose of investi-
gating Nature are used to produce intelligible models of natural phe-
nomena, and the ongoing development and extension of physics
towards its own perfection as a techne. Implicit in the concept of exper-
imental investigation is the conception of the reality of those techno-
logical objects in terms of their instrumentality in material practice.
Thus Hacking was a realist about electrons when physicists claimed to
spray them on mobidium spheres as part of the process of investigating
the existence or inexistence of free quarks. However, the ontological
status of postulated entities does not only depend on their instrumen-
tality. Otherwise Hacking would be a realist about G-7 chords because
they can be played on a number of different stringed instruments.
Both electrons and G-7 chords are transfactual indices that arise
through particular modes of disclosure and are implemented, as princi-
ples of organization and cognition, in the interaction between human
agents and machines (or instruments). However, electrons are not
usually given an equivalent ontological status as G-7 chords because
the latter index is not usually taken to have a correspondent referent in
the natural world. The presumption of mechanical realism allows the
production of technological objects such as electrons to be presented as
a product of a fundamental relation between human intervention and
natural processes that is a consequent of invoking natural laws by
designing, constructing, inscribing, and interpreting machine perfor-
mances. Once this is stabilised it is presented as a defined and self-
contained technological object utilisable for the exploration of a
“deeper and more unified strata of reality” and the innovation of novel
machine-families is taken by scientific realists such as Bhaskar to be a
“deeper” exploration, disclosure, and discovery of natural mechanisms,
causes, and laws. Thus the extension and synthesis of a compass (a
magnetic machine) and a chemical battery and wire combine (an elec-
trical machine) into Oersted’s apparatus could be represented and
utilised as a technological object for the disclosure of the deeper and
more unified strata of “electromagnetic forces”. In Lukács’ terms, this
act of alienation was one that involves the abstraction and reification
of labour.14

Technology, truth, and experimental physics

Modern experimental physics is governed by craftsmanship and modern
technology whilst it is bound-up with Ge-stell, poiesis, and techne. Ge-stell
operates upon experimental physics, whilst it is internally directed
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towards the acquisition of its own techne, as a poietic mode of disclosing
the alethic possibilities of reality as standing-reserve available for future
experimentation and technological innovation. The convergence opera-
tion of Ge-stell upon machines provides technological objects with trans-
factuality by gathering and ordering them into strata and clusters of
machine-kinds. This innovative historical extension of technological
objects into novel machine-families provides experimental physics with
stratification. These provide both of Bhaskar’s ontological dimensions.
The transfactuality and stratification of the technological objects utilised
in experiments provides physicists with senses of ontological “depth”
and discovery through the process of making innovation intelligible in
terms of models. The labour processes involved in the construction of
stability and the convergence of practices towards objectivity, in the
artificial contexts of experimentation within closed systems, are nothing
more nor less than the construction of repetitions that can be described
technographically and presented as empirical regularities. The physicist
is discovering how to make the act of making intelligible in terms of 
the interconnected strata of machines and transfactual technological
objects upon which the experiment has set upon. Once mechanical
realism has been presumed then techneic causal accounts, operating
with technographic functives and visual representations can be meta-
phorically used as mechanical models of the natural phenomena under
investigation. This is essentially a process of “reverse engineering” in
which the physicists construct a mechanistic model of the machine
performances in order to imagine the “natural machine”, in operation
behind appearances, which generates the artificial machine performance.
The physicists then compare the expected performance with the actual
performance. By invoking the natural economy of mechanisms, when
similarity increases, the physicists become increasingly confident that
the precepts of mechanical realism underwrite the removal of technolog-
ical processes from the final accounts. This permits machine perfor-
mance to be treated as a transparent mode of disclosure, and, the techneic
account of the causal series stabilised during the production of empirical
regularities can then be presented as the ontological law that was dis-
closed by the experiment. This metaphysical foundation allows techne to
be presented as episteme, provides experimental physics with an ontolog-
ical dimension, and the achievement of stability facilitates the abstrac-
tion and reification of techne as natural law. Experimental physics is a
labour process that uses models and metaphors in order to produce intel-
ligible accounts of natural phenomena in terms of mechanisms and
laws. It uses technological objects to produce further technological
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objects to satisfy the “internal” challenges of scientific research and the
“external” challenges of the wider world of economic, political, and
military ambitions. The craft practices and technological trajectories 
of experimental physics are directed towards the production of intel-
ligible mechanistic models and prototypes, and, that the pursuit of
modern experimental physics is a mode of both Ge-stell and poiesis that
participates in “world-making”.

The difference between craft practices and modern industrial tech-
nology is that the latter drives towards the creation of new instru-
ments, in response to new needs, whilst the former continued by
extending, refining, and perfecting the same means to achieve the
same ends. Modern experimental physics operates upon the boundary
between craft practices and industrial technology. It is both radically
driven towards novelty and is conservatively attendant to its own self-
perfection and refinement of established means. It is challenged to per-
petually innovate new machines and instruments, whilst extending,
refining, and perfecting itself as an alethic disclosure of itself as a
“bringing-forth” of the truth. It is destined to order itself as standing-
reserve for future work and brings beings into the world for their own
sake. For example, the electromagnet started as an underdetermined
object for experimentation in the work of the eighteenth century
physicists but, in contemporary physics, it has been stabilised as a
technological object to be used for determined and repeatable pur-
poses. It is a component in the cooling process in ultra-low tempera-
ture physics experiments performed on the superfluid properties of
He-3 and it is a component in the focussing of electronic and posi-
tronic beams in the CERN experiments on the properties of fundamen-
tal particles. The performances of electromagnets have transformed
from being the end of research to being a means for research into the
performances of other objects. The connection between poiesis and Ge-
stell is premised upon the conception of change as being the product of
the exercising of a “natural mechanism”. The “electromagnetic field” is
a complex technological object (a composite of other technological
objects) available for future work as a tool and is also a unified object
for reflection in its own right. This two-fold character of the objects of
physics is a manifestation of the two-fold character of physics as it
operates across both spheres of crafts and industrial technology as a
bridge between the two. Modern experimental physics has its origins
in the craft practices of the sixteenth century and provided the con-
ditions for the industrial machinery of the nineteenth century. The
mechanical realist precepts made this bridging possible.
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When Ellul wrote “the search [for efficiency] is no longer personal,
experimental, workmanlike; it is abstract, mathematical, and indus-
trial”, he did so without a close inspection of the technical practices 
of experimental physics.15 In experimental physics the search for
efficiency is personal, experimental, workmanlike, and, it is abstract,
mathematical, and industrial. The “natural mechanisms” disclosed by
experimental work are simultaneously treated as truths and potential
instruments for the ongoing trajectories of research. If spontaneity
and chance are eliminated by the technical imperative (as Ellul
argued that they are) then experimental physics cannot be circum-
scribed by technique (as Ellul defined it). Without spontaneity and
chance there is no space for discovery and innovation. It is for this
reason that experimental physics must remain on the border between
craft practices and modern technology. Furthermore, the performativ-
ity of the objects of experiments cannot be determined in advance
(otherwise there would not be an experiment at all). The underdeter-
mined character of the technological objects studied in experimental
physics, as objects of research, lends research a need for the innova-
tive attentiveness of the “know how” and skills of the experimenters
as craft practitioners. It is this need for innovative attentiveness and
craft practices that makes experimental physics an art. This is a neces-
sary condition for experimentation because, as an art, experimental
physics allows a dialectical variability, in the construction and perfor-
mance of an experiment, which is a condition for being an experi-
ment at all. It is the underdetermined character of the objects of
research that provides physics with an experimental character because
the objects of experiment need to be stabilised, in terms of mechan-
ical and repeatable performances, before they can be assembled and
mechanically integrated into industrial production. Once this has
been achieved then the performative character of the objects has been
determined and, consequently, is no longer of any experimental
interest. Thus the productive aspect of physics is the disclosure of
mechanisms as standing-reserve for Ge-stell, whilst the poetical aspect
involves situating these disclosed mechanisms within a world-picture.
The Ge-stell aspect of physics is the challenging of poiesis to bring-
forth mechanisms for the sake of disclosing them whilst is disclosed
as truth by successfully implementing them in productive practices.
Experimental physics is artistically and instrumentally situated
between reiterated feedback loops between the production of intelligi-
ble information as an internal good and as a technological object for
future implementation.
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If we treat technology as the making and using of tools, techniques,
procedures, materials, resources, skills, and machines, as means to
ends, as embodied in our everyday practices, then it is largely an
unreflective activity directed towards unreflected-upon ends, which
produces and manipulates unreflected-upon objects. Artifice is the skill
of how and when to use specific technologies in order to manipulate
things in the world to achieve specific desired goods (or ends). We
largely take it for granted in the modern world. By embodying artifice,
human beings are situated and immersed within a technological frame-
work that extends beyond the individual human body. Technologies
are socially organised structures that, through the embodiment of
artifice, are integrated into the agency of the individual human body
and empower it. As Stiegler put it, 

For to make use of his hands, no longer to have paws, is to manipu-
late – and what hands manipulate are tools and instruments. The
hand is that hand only insofar as it allows access to art, to artifice,
and to techne.16

Artifice involves a spatial and temporal ordering of productive practices,
in order to effect change, transform things into other things, and brings
things into the world.17 Artifice empowers and directs human bodies to
effect change. It is an ordering structure that directs the practices
through which things are brought together, arranged in temporal and
spatial sequences, and transformed into other things. Artifice is effective
through being embodied in human activities involving materials and
inscriptions. In order to become technological, a human being must
embody the material and inscriptive practices that artifice imposes
upon the organisation of her/his motility and intentionality. The
would-be skilled practitioner must learn how to use specific tools to
perform specific activities, upon specific materials, to transform those
materials into specific products. The process of embodiment of the
artifice of practices upon materials is an embodiment and exercise of
the discipline/power of the technological framework that generates pro-
ductive human agency qua technological agency upon specific things in
the world. This is enabled towards a horizon of specific ends or goods.
Embodied artifice upon materials towards a horizon of specific ends is 
a process of poiesis: bringing entities forth into the world. It is this
aspect of crafts that for Aristotle, and Heidegger, related techne to phusis
and distinguished each from the other. Techne “brought forth” the
object through the agency of the craftsman upon the materials. Phusis
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“brought forth” itself without the aid of the craftsman. Phusis was
bringing forth in the highest sense, for both Aristotle and Heidegger,
and it is this relation that situates techne within the history of
metaphysics.

Artifice extends the agency of human body. This extensional relation
between tools and the human body has existential import upon
human agency in terms of power, identity, and the horizon of our
alethic possibilities. The discipline/power of artifice is exercised
through learnt modes of labour directed towards efficiency, productiv-
ity, and perfection. Artifice extends human manipulative power and
the field of material practices for achieving specified ends and, by con-
straining and empowering human agency, artifice channels and
extends human agency towards an otherwise unobtainable horizon of
possibilities. Artifacts, such as computers, measuring instruments, and
maps, organise and order technographe to extend the human capacity
to manipulate, record, and visualise abstractions. Instruments, such as
thermometers and weighing scales, exoreference changes in the world
in terms of abstract quantities. These devices are effective in virtue of
being embedded in a set of interpretive and inscriptive practices that
enhance and channel the human cognitive imagination into extended
capacities for intellectual agency at the expense of absolute freedom of
thought. The human agent can exert considerable creativity and free
play when using these technologies only to the extent that s/he
acquires the appropriate artifice for achieving specified ends (an other-
wise unobtainable horizon of projected alethic modalities) and remains
within the technological framework of the conduits of disciplined
power. By providing an otherwise ineffective and undisciplined body
with agency, artifice permits the existence of specific intentions and
provides us with both means and ends. Artifice shapes intentionality
and agency by shaping the horizon of possibilities available to us, as
well as the ways of reaching that horizon.

Human life entails an interactive relationship between intentionality
and artifice, and, consequently, “human nature” is not given by
“Nature” but is created by disciplined and empowered agencies pro-
jected beyond “organic necessities” in terms of self-interpretive and
self-creative destining that starts from a challenge and ends with its
material realization as human beings utilise techniques within a
horizon of intentionality. The interactive relationship between inten-
tionality and artifice, in order to realise projects, and consequently
“human nature”, is itself technically mediated through the template of
how to proceed and the challenges that are received alongside the
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power of technological agency. The centrality of technique to human
technological existence and “human nature” provides existential and
aesthetic import of technology to human life and character. At least in
part, we are defined by what we can do. However, there is not a sin-
gular set of techniques for each and every project and, even as techno-
logical agents, we are open to alternatives. For some projects there are
(currently, at least) no available techniques at all (e.g. interstellar
travel, world peace, immortality, or time travel) and consequently they
remain in the human imagination, fears, dreams, and desires. They are
so remote from our bounded technical rationality that they are barely
challenges. For other projects there are a plurality of techniques (e.g.
fossil fuel power stations, nuclear power stations, building wind power
turbines, tidal power ducts, and solar power technologies are distinct
techniques for electricity generation) and our bounded technical ratio-
nality involves the problem of how to choose between them. We
should not be radically individualistic and locate the origin of chal-
lenges and the destining of their satisfaction in the imagination of the
human-subject. This would ignore the social origins of human aims
and ends. It would ignore the teleological character of human life and
labour. Artifice, by shaping both our horizon of possibilities and the
means by which we reach it, provides both intentionality and tech-
niques. Human agency, to the extent it is defined in terms of what
human beings can do (as well as by what we can not do), is con-
structed through artifice and is not simply created by human beings. 
If we take technology to be the means by which we move from 
the challenge to realization then technique is itself bound up with the
teleology of artifice.

Can we moderns make sense of Aristotle’s ancient claim that techne
“resides in the soul of the craftsman” and that the products of poiesis
find their origin in the producer? As a technological framework of prac-
tices and materials, artifice can only be said to be the property of a
human agent in virtue of its successful embodiment. Techne would
reside in the soul of the craftsman qua technological agent. If the soul
of the eye is “to see” then the soul of the craftsman is “to craft”. The
soul would be the destining of the craftsman qua craftsman. This soul
is itself born through the embodiment of artifice as a human body is
transformed into a craftsman through such an embodiment. The prod-
ucts of poiesis find their origin in “the producer” in the sense that a
human body is transformed into “the producer” through the successful
embodiment of the disciple/power of ordered practice. Artifice is con-
cealed during its embodiment in practice. Mastery occurs through the
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successful embodiment of practices as habitual practices conducted
with confidence and productivity. The acquisition of technical exper-
tise is not a mastery over artifice itself but, rather, a process of publicly
becoming one of artifice’s competent servants. The skilled craftsman is
an exemplar of artifice rather than a master of it. The apprentice imi-
tates the practices of the craftsman and, by doing so, participates in the
perpetuation and dissemination of artifice. The craftsman, as an exem-
plar, is the focus of the apprentice’s attention as source of artifice and,
consequently, the illusion of mastery is propagated. Furthermore, as
the horizon of possibilities surrounds human life and artifice is taken
to be the property of human masters, the intentionality made possible
through artifice is taken to be simple human ends. Artifice is concealed
as human means to human ends. It is in this sense that techne could be
said to reside in the soul of the craftsman. “Human nature”, in part, is
created by the power/discipline of artifice in the construction of
human agency and the destining of the projected horizon of alethic
modalities.18 It is for this reason that we should not locate control and
intentionality within the human-subject. It is only once the embodi-
ment of artifice has become transparent during the construction of the
human agent qua technological agent, that control and intentionality
can be taken to be the property of the human agent. The centre of
control and intentionality lies within the technological framework of a
labour process that is accessible through the embodiment of artifice
itself. It operates between the human body and the objects to be trans-
formed through discipline/power and embodiment relations of artifice.
Poiesis emerges as a labour process of feedback relations, mediated by
artifice, between the human body and the objects to be transformed in
accordance with an anticipation of techne. It is primarily a productive
process teleologically posited as the means to manufacture specific
products through feedback adjustments occurring between the prac-
tices, technologies, and the materials to be transformed. This kind of
labour process is an economic process in which artifice and its horizon
of specific goods are primary social relationships of exchange value.

Invention proceeds from a cultural technical background of artifices,
technologies, tactics, and challenges, towards specific end products.
Artifices, technologies, and tactics are selected from this cultural back-
ground with the aim of constructing an artifice, technology, and
techne, as not only a means to produce the desired product, but as a
means to produce a means of production. This constructive process
involves the convergence of heterogeneous technological objects from
strata of machine-families and integrating them into a unified techno-
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logical object in accordance with a specific goal. These diverse artifices,
technologies, and challenges, are brought-together, ordered, and inte-
grated towards the projected asymptotic horizon of techne with the aim
of achieving that ideal knowledge. Diverse artifices, technologies, and
technological objects each constitute a centre of transformative disci-
pline/power in their own right. The process of integration requires
bringing-together these diverse centres of transformative discipline/
power into a coherent single centre of transformative discipline/power.
Constructing a new process of destining is itself the object of inven-
tion. The construction of destining, the conclusion of the ordering
process, is itself the construction of the desired artifice. This process is
an undetermined process. We cannot know, from the onset, whether or
not an artifice, and its technologies, can be produced to produce the
desired outcome. Whether a time-travel machine, an anagathic anti-
ageing pill, or a cure for cancer can be invented is undetermined. This
remains undetermined even when the desired product is produced
because the “causality” of any technology remains complex within the
wider world. For example, the destining, challenges, and transforma-
tive powers of even burning coal have yet to be determined because 
we have yet to categorise and provide causal accounts for all of the
consequences of this material practice.

Novel experiments must occur without techne or else there would not
be an experiment. If experimentation is to be understood as a form of
artifice then we need to define a different kind of productive process.
This is the innovative process in which artifice is itself formed, trans-
formed, and brought-forth as the means to extend and complete itself
as an art. Innovative processes are more sophisticated than economic
processes. Processes of this kind are both the subject and the object of
themselves. An innovative process is fed-back onto itself as both its
own means and its own end. In these processes the development of the
process is itself the product of itself. It is a non-linear process that turns
upon its own possibilities as its own resources and final end product. 
It involves the feedback of the uncontrolled control of control back
into the process as control-as-information for future control and the
relinquishing of control. In experimental physics, as in music or any
art using instruments, this involves mapping out the contours of
human interventions and machine performativity. It is distinct from
invention, which is the economic process by which a novel form of
artifice is itself produced in order to achieve a specific challenge 
and what is lacking is the artifice to achieve it. In contrast to inven-
tion, the “trial and error” processes of innovation are an extension of
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the technological background as an art extended towards its own
perfection by providing a complete set of alethic modalities for their
own sake. The ideal generalization of this process into an abstract and
communicable form of knowledge is the construction of a techne that
could be disseminated as instructions of how to repeat the process of
production as a mathesis of its own alethic truth.

Experimental physics is only merely inventive when the aim of the
experiment is to construct an apparatus to perform a specific task, mea-
surement, or manipulation. Thompson was inventive when he con-
structed a means to measure the charge to mass ratio of a cathode ray
by devising the means to manipulate and inscribe a cathode ray in a
cathode ray tube. The destining of this experiment towards the ideal
techne of the first causes involved in repeating this experiment brought
the Thompson experiment into the public realm as a means to disclose
a deeper fundamental level of reality. However, the claim to possess
techne requires that the production process is completely causally
understood, but the claim for the truth of this kind of causal account is
deferred until it is successfully implemented in future innovative prac-
tices. This will involve further productive practices and an anticipation
of a deeper causal account that, in turn, will be deferred until it is suc-
cessfully implemented in future innovative practices. The final end of
this process of deferment and innovation could not cease until further
innovation was impossible and it is only at that point could techne be
graspable. Innovation occurs when the productive possibilities of
artifice are explored in the absence of a specific end product, for its
own sake, as an alethic process of mapping out the horizon of produc-
tive possibilities and the routes that a particular artifice takes to reach
them. When a musician explores the productive possibilities of her/his
instrument, without aiming to compose a specific musical piece, s/he is
engaged in a process of innovation. The process of innovation is the
process of exploring and determining the productive possibilities of
artifice. The international community of physicists and engineers at
CERN are in the process of exploring the productive possibilities of the
LEP ring and LHC machines by innovating them as a means of explor-
ing the alethic truth of these machines. These physicists are exploring
the productive possibilities of these machines in order to understand
how they work in terms of alethic causal accounts. These projects are
challenged towards the innovation of all the possibilities until the
techne of the whole productive process has been achieved. The physi-
cist learns that when s/he performs a particular intervention then the
machine performs in a particular way. Thus the physicist can make a
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mapping between a range of particular interventions and a range of
particular machine performances and inscribing these contours with
technographe and producing mathematical inscriptions of novel trans-
formative powers. 

Each machine is an integrated composite of components (which are
machines themselves) innovated to capture the mathesis of its func-
tionality. It is the sum total of an integrated nexus of distinct centres
of transformative powers coherently converged into a single centre of
transformative power and a source of truth. Associated with each
machine are collections of artifices to design, construct, operate, main-
tain, repair, and interpret the machine performativity related by a col-
lection of fragmentary specialised templates to build the machine and
its components. These collections and relations, for even moderately
complicated machines, are distributed throughout the whole teleologi-
cal organization of the labour process in which the machine can be
brought into existence and integrated as a functioning entity and dis-
closure of truth. This will involve the division of the embodiment of
these collections among many human agents that are themselves
transformed into functioning technological objects within the whole
technological framework. In experimental physics, as well as engineer-
ing and other technosciences, the collections of technologies, spe-
cialised tools, mathematical techniques, functives, and technographe,
associated with machine-kinds, phenomenologically constitute auto-
nomous modes of agency in their own right. Machine autonomy is
experienced as an integration of transformative powers together to
produce a unified transformative power emergent through perform-
ance. Experimental physics, alongside all arts, innovatively explores
reality through disclosing the productive possibilities available to
human agents by experiencing the autonomy of their performances. It
is in this context that experimental physics could be said to be a meta-
physical performance art in the highest sense. However, the reality
disclosed through this performance art could not be said to be inde-
pendent of the modes of disclosure innovated to disclose it. It is not
objective in the usual sense of the term. Nor could it said to be simply
subjective. The metaphysical precepts of mechanical realism under-
write the experimental disclosure of the truth of reality that is interac-
tively made through technology and tested in terms of its availability
for future use. The ontology of machine-families provides physics with
a technical-material infrastructure that is its proven in terms of its
standing-reserve as a technical background and concrete reality. The
specification of “a universe” as the object of technoscientific activity is
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the metaphorical substitution of the techneic knowledge of machine
performativity for the epistemic knowledge of the natural world. The
“know why” questioning of scientific questioning is characterised by
the question of why something works and, consequently, episteme is
reduced to the “know how” causal account of an ideal and unreachable
techne. As both of these kinds of knowledge are ideals then the whole
final truth of physics is anticipated through the ambiguous metaphori-
cal interchanges between two imaginary ideals.
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6
What Enables Us to Build
Machines?

The innovation of electricity, nuclear power, aeroplanes, rocketry, plas-
tics, computers, etc., has changed the world. However, do scientists
understand the powers that they release into the world? What enables
us to build machines? This question is a central question for any cri-
tique of realist and positivist positions because both will claim that
acting upon materials in accordance with the “natural law” will enable
us to build machines. The irony is that both positions neglect the pro-
ductive role of technology in experimental physics, and yet their argu-
ments for the success of physics are premised upon its technological
success. My argument against both realists and positivists is that we
cannot find any rational or empirical grounds for deciding between
physics-as-discovery and physics-as-production once we address the
technological character of experimentation. What physics does is pro-
duce the process of learning how to create itself as the means to
produce its discoveries. As I argued in chapters three and four, the meta-
physical project of experimental physics involved understanding
natural processes in technological terms from the onset. This has been
evident throughout all of experimental physics, including the develop-
ment of mechanics, optics, thermodynamics, electromagnetism, and
quantum physics. The history of physics is itself comprised of innovat-
ing, bringing-together, developing, and explaining a series of heteroge-
neous machine prototypes. These machines are not reducible to the
others, yet the dynamic scientific project of explaining the possibility of
their innovation interrelates and stratifies them within the ontology of
physics. The mechanical, thermodynamic, optical, electromagnetic,
quantum machine-kinds are all assembled and interrelated within 
the context of ongoing exoframed labour processes directed towards the
acquisition of the techne of Nature. Techne promises to provide the com-
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plete alethic knowledge of how to bring things into existence and
mechanical realism underwrites the epistemic idealization of that un-
reachable asymptote. The existence of a techneic law was teleologically
posited as something to work towards, in accordance with the ground
plan of constructing a machine as a demonstration and disclosure of 
it, as physicists “test” and “refine” models by implementing them 
in future technological innovation. This perpetually ongoing labour
process indefinitely defers the determination of the truth-status of any
theoretical representations, whilst instrumentally using them to make
interventions in ongoing experimental work. As was argued in chapters
four and five, the ontological stratification of experimental physics is
delimited by the machine-families developed by that science. All
machine-kinds are collections of prototypes within machine-families
that are linked by shared technological objects, techniques, materials,
and general models. This shared stock between machine-kinds gives
machine performances their transfactuality. Bhaskar was right to criti-
cise the positivistic view, which holds that constant conjunctions of the
form “whenever X then Y” are the epistemological limits of scientific
investigation, as a mistake that has been disastrous for our understand-
ing of science.1 Of course one must be able to state that “whenever X
then Y”, as a starting point in the description and design of machine
performances, but this is insufficient. One must also state the mecha-
nism(s) that occur between X and Y before one can hope to propose an
understanding of how machines work. I agree with Bhaskar that limit-
ing an account of the epistemological goal of experimental sciences to
the identification of constant conjunctions is a mistake, but he missed a
crucial point about the ontological relation between such sciences and
the machines that they use. The ontological relations of experimental
physics are identical with the metaphysical interpretation of the inter-
actions between human interventions and machine performances.
Experimental physics can only extend its ontology – engage in a process
of discovery – by producing new machines. Specializations inform 
each other and are commensurable in so far as they use each other’s
machines and techniques. The progress towards complete alethic
knowledge is one of increasingly enframing the world within the meta-
physical and technological framework of machine performances. It is
the world-picture, abstracted from this whole network of metaphysi-
cally conceptualised machines, which is ontologically posited as “the
known universe”. Positivism and empiricism may well be disastrous to
our understanding of the sciences but, in my view, mechanical realism
may well prove disastrous for our understanding of Nature.
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Experimental physics is a produced means of production that is both
“tested” and made meaningful within processes of ongoing technolog-
ical innovation. The objects of scientific thought have phenomenolog-
ical “independent existence and activity” because they are not entirely
mental entities and are not entirely controlled by human intentional-
ity. The objects of scientific thought elicit the experience of phenome-
nological autonomy because they are technological objects emergent
and operational within a technological framework that transcends,
unifies, and structures the particularities of practice and experience. A
technological object cannot exist without the conditions of its produc-
tion, but its trajectories transcend human control and expectations.
Such objects are not simply “man-made” but, despite their phenome-
nological reality, they do not independently exist in the realist sense
either. In order to understand technological objects we need to move
beyond linear dualities and address the non-linearity of human-
machine relationships. In order to understand the historical develop-
ment of material practices at work in the creation of new scientific
theories and technologies, as the product of creative labour processes,
we need to address the ways that technological objects are fed-back
into the processes of experimentation and the novel extension of the
variety of available technological objects. Each theory is metaphori-
cally postulated as representative of a natural process by social imagi-
nation, whereas it is technically produced by the ongoing innovation 
of a machine-family and tested by its instrumentality in the extension
of that machine-family. Once human imagination, ambition, and
metaphysical justification have been culturally embodied in ongoing
material practices directed towards the acquisition of complete alethic
knowledge, then its abstractions can be poetically described by the
metaphor of “Natural Law” and the “book of Nature” can be read from
sheets of mathematics and diagrams. 

How can we explain the technological success and the explanatory
success of physics without conceding scientific realism? The theory of
Quantum Electrodynamics (QED) may well have unprecedented pre-
dictive success, but what does it predict? Its accurate predictions of the
magnitude of magnetic dipole moments, for example, are the anticipa-
tion of how a particular kind of machine should perform. Scientific
knowledge is neither “read straight from the natural world” nor “out of
the human mind”. This is a false dichotomy. Scientific knowledge is
the postulated goal of the processes of modelling the contours of
human interventions and machine performances. This social imagina-
tion, ambition, and justification, within the context of technological
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innovation, allows machines to act as interface between human beings
and postulated natural mechanisms and laws. The machine perform-
ances are complex, neither entirely dependent upon nor entirely inde-
pendent from human agency, because the centre of control of the
labour process lies neither in a “material world” nor in a “human
world” but rather occurs during the processes of bringing together
diverse agents and attempting to converge and integrate them into a
single unified centre of control. It is this project of integration and
unification that constitutes the context of technological innovation.
Human interventions and machine performativity, mediated by
models and techniques, are gathered-together, shaped, and ordered in
accordance with imperatives and challenges of Ge-stell. Technological
objects have degrees of autonomy once they are embodied in diverse
productive practices directed to unify and communicate new experi-
ences. The uncontrollability of technological objects, which is charac-
teristic of their intransitivity, is due to the complexity, incompleteness,
diversity, and incoherence of the whole experimental process of inno-
vation. This is a consequence of the heterogeneity of the technological
objects used in the technological framework of experimentation. The
autonomy of experience within a technological framework is itself the
product of the metaphysical art of experimental physics, perpetually
directed towards the unification, completion, and perfection of itself.

Whence the resistance?

In The Mangle of Practice, Andrew Pickering presented an interpretation
in which the results of experimental physics emerge from a dialectical
relationship between “human agency” and “material agency” that
occurs on the interface of machine performativity.2 His interpretation
of modern experimental physics is that it is a performative and produc-
tive social labour process comprised of material practices that are
dialectically transformed during real-time accommodations to resis-
tances. He argued that “material resistances” to human intentions, and
the accommodations made to plans and intentions in response to
those resistances, demonstrate that materials are agents. Using the
example of Glaser’s attempt to “build a bubble-chamber”, Pickering
pointed out that Glaser had to find many different solutions to 
“the triggering problem”, during the course of developing a working
bubble-chamber that could detect “cosmic rays”. However, each
proposed solution failed, one after the other, despite Glaser’s expecta-
tions of success with each new solution. Pickering asked the following
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questions: if each of these “solutions” were socially constructed as
“expected successes”, and “the detection of cosmic rays in bubble-
chambers” is also socially constructed, then, why should we see this
sequence of failures? Where was the social causal factor here? Who 
was constructing the failures? How can the strong programme in the
sociology of science explain the unexpected failures in the history of
physics? Why does failure occur when the prevalent social consensus
and dominant authority expects success? Pickering argued that the
strong programme does not provide an intelligible account of scientific
practice because it neglects “material agency”, which, in interaction
with human agency, transforms scientific practice. He argued that the
interests and identities of scientific agents are at stake within scientific
practices rather than causing and explaining the extension of scientific
culture. Hence, Pickering wrote that 

[i]t is clear that Glaser had no way of knowing in advance that most
of his attempts to go beyond the cloud chamber would fail but that
his prototype bubble-chamber would succeed, or that most of his
attempts to turn the bubble-chamber into a practical experimental
device would fail but that the quenched xenon chamber would
succeed. In fact, nothing identifiably present when he embarked on
these passages of practice determined the future evolution of the
material configuration of the chamber and its powers. Glaser had to
find out, in the real time of practice, what the contours of material
agency might be.3

Pickering defined material agency as “simply the sense that Glaser’s
detectors did things – boiling explosively or along the lines of tracks or
whatever – and that these doings were importantly separate from
Glaser.”4 His point was that the state of affairs, which arose in the per-
formance of the machine through Glaser’s relation with the bubble
chamber, was something that was not under human control. Using
Krieger as support, Pickering argued that physicists deal with the world
as a field of agency with material dimensions and the scientific world is
amply stocked with material agents.5 Human agency and material
agency interact as “a dialectic of resistances and accommodations” 
in which machines are intermediaries that capture material agency 
as a particular combination of particular elements that acts in a partic-
ular way. The machine “is the balance point, liminal between the
human and the nonhuman worlds.”6 Science is a collection of powers,
capacities, and performances that achieves expression in “captures of
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material agency” through “whatever [is] required to set machines in
motion and to channel and exploit their power.”7 It is through this
process that material agency is determined in terms of temporally
emergent “captures”, whilst human agency is temporally emergent as
“discipline”. Machine and human performances occur simultaneously
and, consequently, in experimentation, the process of this capturing
material agency is one of “tuning” both human interventions and
machine performativity in feedback relations with the other. The “con-
stitutive intertwining” between human agency and material agency is
continually and dynamically undergoing production through this
dialectical process. It is practice that intertwines the contours of mater-
ial agency with modes of human agency in such a way as to inextrica-
bly mix them together as an ontologically and epistemologically
productive “impure dynamic”. Human agency and intentionality are
transformed and restructured throughout the process of trying to sta-
bilise precise material configurations and “captures of material
agency”. Physicists may, in the process of trying to succeed in achiev-
ing any original goal or project, end up succeeding in a different goal
or project because plans and goal are revised and are subject to man-
gling in practice. Accommodations take the form of adjustments to
intentions and practices, the adoption of alternative techniques,
changes in the material configuration of the apparatus, or employing
expertise as a resource. These accommodations transform the original
intentions. Human intentions operate in a field of existing machines in
such a way that the goals of scientific practice are emergent in relation
to this field as they take advantage of prior captures of material agency.
It is this relationship between disciplined human intentionality and
machines, in which both are mutually modified through reciprocal
tuning, which keeps human intentions intertwined with material
agency. The contours of material agency emerge as resistances to
human agency because, without human agency, these contours would
not exist. Material agency is emergent in the form of resistances to
human intentions which, in turn, are modified, transformed, as
accommodations to material agency. This was a central to Pickering’s
whole argument because 

[t]he resistances that are central to the Mangle in tracing out the
configurations of machines and their powers are always situated
within a space of human purposes, goals, plans; the resistances that
Glaser encountered in his practice only counted as such because 
he had some particular end in view. Resistances, in this sense, exist on
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the boundaries, at the point of intersection, of the realms of human
and nonhuman agency. They are irrevocably impure, human/material
hybrids, and this quality immediately entangles the emergence of
material agency with human agency without, in any sense, reducing
the former to the latter.8

Pickering proposed that scientific culture is a patchy, scrappy, dis-
unity of diverse cultural elements in which scientific practice is
nothing more than making associations between these elements.
Material agency only arises as a result of scientific exploration finding
new problems that arise when new machines are constructed to solve
these particular problems. Pickering argued that the conceptual and
material elements emergently arranged together and associated with
representations through practice, in the form of “conceptual chains”
linking representations and captures of material agency, constitute the
totality of articulated scientific knowledge.9 It is through this inter-
weaving of conceptual and material elements that a representation of
the experiment is constructed and linked within a pre-existent field of
scientific knowledge. Concepts allow machine performances to be
linked together with representations, spanning multiple levels of
theoretical abstraction, and are emergent through practice. Pickering
argued that the conceptual chains and representations associated with
different machine performances are incommensurable with one
another. For example, he claimed that post-1970s and pre-1960s
particle physics have a different collection of machines and instru-
ments and, therefore, the conceptual chains and representations
produced by these phases of physics emerge from different practices
and are incommensurable with one another.10 For Pickering, this
implies that the captures and contours of material agency are also
incommensurable, given that the associations between cultural ele-
ments emergent from the dialectic of accommodations and resistances
are different, and therefore have distinct “temporally emergent”
ontologies. As a consequence of this, Pickering claimed that the
content of scientific knowledge was nothing more than a series of
“temporally emergent” concepts and representations associated with
interactive stabilizations situated in a multiple and heterogeneous
space of machines, instruments, conceptual structures, disciplined
practices, and social actors. Technical knowledge, abstract laws, exper-
tise, models, experiences, techniques, machines, concepts, etc., are ele-
ments, resources for mangling, that cannot transcend the dialectical
process of experimentation and guide it. His interpretation left nothing
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that can help us to make associations because there is nothing outside
“the Mangle” and literally nothing that could enable us to build
machines.11 It is all just happenstance. We feed our intentions in, “the
Mangle” mixes up a load of heterogeneous cultural elements, trans-
forms them, and spits out a product as an element for future mangling.
If that product fulfils our intentions then that is simply a matter of
good fortune. He explicitly rejected the notion that there could be
transferable skills, any general knowledge of machine building, experi-
ences, or even guidelines, which could enable us to build machines. All
of these are nothing more than heterogeneous elements for mangling;
they do not shape the mangling process. Pickering asserted that this
“open-ended extension” was something that, in principle, could not be
explained because 

Nothing substantive in scientific culture or anywhere else… neces-
sarily endures through and explains the process of cultural exten-
sion; everything in scientific culture is at stake in practice; there is
nothing concrete to hang onto there.12

In Pickering’s analysis, the notion of “temporal emergence” meant that
there is no substantive explanation to be given for the extension of
scientific culture and, in the final analysis, “things just happen”.

I agree with Pickering’s claim that intentions, conceptualizations, and
representations of machine performativity, and the available heteroge-
neous elements in experimental physics are produced, transformed, and
interconnected by actually building machines and performing experi-
ments. This is a fairly uncontentious claim. I also agree that the concepts
and representations that link otherwise unrelated machine performances
are produced through the real-time practices of experimentation. How-
ever, Pickering neglected to examine whether scientific products are fed-
back into other projects in such a way as to actually inform and constrain
the scientists involved about how to proceed with the project and how
to connect otherwise distinct material practices within research. He did
not allow the technological framework of research to actually guide and
shape the process of mangling in any way, except as mere happenstance
and opportunistic uses of prior “captures of material agency”. Further-
more, by defining the ontological disclosures, emergent through experi-
mentation, in terms of the interactive stabilization between human and
material agency, Pickering’s interpretation is somewhat positivistic and
has failed to examine the metaphysical foundations that heuristically
associate scientific models, via a concept of “natural mechanism”, with
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those conjunctions of events. Hence, Pickering is unable to explain why
and how experimental physics is culturally considered to be a natural
science. Pickering was correct to identify the ontology of particle physics
as the emergent product of modelling machine performances, but he
misunderstood how models are used within human interventions to
connect otherwise unrelated machine performances. His claim that the
pre-1960s and post-1970s phases of particle physics have different
ontologies and are incommensurable is only possible due to his positivis-
tic conception of epistemology. Such a conception makes particle
physics unintelligible. Yet, as I argued in the last chapter, once we
examine how technological objects achieve transfactuality then we can
readily see that this is not the case. In my terms, the mechanical realist
metaphysics epistemologically unifies both phases of particle physics
and allows both to participate in the disclosure of the same ontology.
Thus overlapping strata of distinct machine-kinds are methodologically
unified by the same metaphysics that defines the modes of disclosure of
the ontology of physics in terms of the ongoing innovation of machine-
families. Both phases of particle physics share some of the same compo-
nents (electromagnets and ionising fluids, for example) and the models
(electromagnetic theory, solid state physics, etc.), utilised to interpret
machine performativity, shared some of the same theoretical indices (i.e.
charge, spin, and mass). In order for these two phases of particle physics
to be incommensurable they would have absolutely distinct meanings
for these terms to have nothing in common whatsoever. Technological
objects are transfactual and commensurable when they are used in dif-
ferent projects within the same technological framework to link phe-
nomenologically different machine performances under the same
theoretical description by using the same exoreferences, such as “elec-
tron”, to bring together sets of exoreferenced functives, such as “charge”,
“mass”, and “spin”, to unify otherwise distinct machine performances
via an exoframing model. It is through the same technological frame-
work of overlapping machine components, models, mathematical tech-
niques, etc., that distinct experiments can be said to all participate in the
same unitary methodology. If projects share technological objects then
physicists can transfer their exoreferences and exoframes between pro-
jects and build up a stock of experiences, resources, and tactics, a stand-
ing-reserve, which can be analogously used as possible accommodations
in analogous projects. Although this does not guarantee success, it does
mean that physicists can develop a bounded technical rationality, which
can constrain and guide their intentionality in making selections of pos-
sible accommodations and identifying potential resistances. As I argued
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in the last chapter, models are implicitly involved in the construction of
the apparatus, the development of operational procedures, and the
making of observations, and modelling is crucial for the labour processes
of experimentation to be an intelligible means of the disclosure and
implementation of natural mechanisms. Models provide the transfactual
interpretations between otherwise unrelated machine performances, pro-
viding commensurability, and are used to guide technological innova-
tion by analogically connecting machine-kinds within the development
of a metaphysically conceived technological framework. This explains
how physicists represent their ongoing technological activities as a
stratified process of achieving ontological depth, and, through the ana-
logical and metaphorical use of models, also shows how technological
objects are transferable between experiments, achieving autonomy,
transfactuality, and commensurability.

Bounded technically rational choices can be made against the para-
digmatic background of clusters and constellations of standing-reserve,
expectations, and teleological positings. By allowing scientific practices
to share stable cultural elements it is possible that physicists can
acquire a cultural stock of technological objects, which enables them
to choose particular accommodations as possible solutions to particular
problems, and situates them within a shared technological framework.
Bounded technically rational intentionality constrains and guides
choices by associating and interconnecting machine-kinds with models
and productivity in the design, construction, operation, and interpre-
tation of new machines. Pickering did not allow this possibility in his
analysis and, consequently, the choice of particular accommodations
that particular experimenters made to deal with particular resistances is
inexplicable to him except as ad hoc tinkering. Take Morpurgo’s exper-
iment for example. The technological background, with its associated
expectations and techniques, not only permitted Morpurgo to postu-
late this experimental apparatus as a means to search for free-quarks,
but it also constrained how he could use the machine to proceed with
this search. It is this notion of constraint that is absent from Pickering’s
analysis and, consequently, Pickering could not explain Morpurgo’s
choices of the accommodations to emergent resistances during the
process of building the experimental apparatus. For example, Pickering
claimed that 

… Morpurgo found that the charges on iron cylinders seemed to
drift overtime – from zero to e/10, for example. Tinkering once more
in material practice, Morpurgo found a new way to frame material
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agency, discovering that he could achieve stable measurements,
again of zero charge, if he spun the cylinders.13

By treating this new technical practice of “spinning the cylinders” as “a
new way to frame material agency”, Pickering ignored the extent that
“measurements of charge” are techniques which are situated in a pre-
existent technological framework that transcends and orders the particu-
larities of experiences and practices. What led Morpurgo to consider
“that the charges of iron cylinders seemed to drift over time” to be a
problem? And, what led Morpurgo to consider spinning the cylinders as
a possible solution? Pickering answered the first question by appealing to
“resistances of material agency”, and could not answer the second ques-
tion except by appealing to “ad hoc tinkering”. Although he did account
for why Morpurgo had to make an accommodation, he cannot account
for why Morpurgo chose the accommodation he did except by explain-
ing it away as “tinkering”. Why didn’t Morpurgo try slaughtering a
chicken and dripping its blood over the apparatus? It might have
worked! I would suggest that the reason why “spinning cylinders”
appeared to be a possible solution, and “ritual sacrifice” did not, was
because the bounded technically rational choices available to Morpurgo
were constrained by the technological framework in which his experi-
ment was situated. The drift, as a resistance, was a product of expecta-
tions and judgements of what good measurement techniques and
experiences would have been in that context. Morpurgo only “tinkered”
in this way because he was using an interpretive model of why there
would be charge drift on the iron cylinders and what he could possibly
do about it. This model was inherited along with techniques, compo-
nent machine-kinds, exoreferences, exoframes, and other technological
objects, through the extension of the analogical model within the
technological framework. The spinning, as a possible solution, an
accommodation, was more a product of the Morpurgo’s expectations,
technical experiences, and theoretical interpretations of “charge distribu-
tions” and “the properties of iron” than it was “mere tinkering”.

According to Pickering, material agency emerges when human
beings actively construct a new machine and passively observe the per-
formance of the machine to see whatever captures of material agency
occur.14 This is apparent in Pickering’s analysis of Morpurgo’s observa-
tions when he wrote: 

…Morpurgo assembled his apparatus, switched it on, and then,
surrendering his active role, stood back to watch what would happen –

What Enables Us to Build Machines? 195



literally, through a microscope. Swapping roles, the material world
was in turn free to perform as it would; the grains levitated and moved
away from their equilibrium position when the electric field was
applied.15

However, by claiming that there are two distinct and identifiable
phases of scientific work, actively constructing the apparatus and then
passively observing the results, Pickering has built the human-material
distinction into his analysis and neglected the way that experimenters,
like Morpurgo, simultaneously and ambiguously “actively” and “pas-
sively” perform experiments. The “active” choices that Morpurgo made
in the construction of his apparatus were simultaneously “passive”
responses to what was the bounded technically rational choice, accord-
ing to his current expectations of the alethic possibilities within the
technological framework. The “passive” observations that Morpurgo
made, after switching the apparatus on, were simultaneously “active”
interpretations and construals of what he was seeing, made in terms of
his current model of how the apparatus worked (i.e. that an electric
field was being applied and how this should effect charged grains).
Pickering was aware that Morpurgo used an interpretive account of
how the apparatus worked in order to “move from observations of 
the response of the grains to an applied electric field to statements
about the electric charges carried by the grains.”16 However, Pickering
neglected to attend to the extent that an interpretive account is also
required to make observations of “the response of the grains to an
applied electric field” in the first instance. Otherwise, why would we
say that there was “an electric field” present and it had been “applied”
by turning a dial, pressing a button, or whatever procedure we associ-
ate with the technique of “applying an electric field”? Making observa-
tions involves simultaneously passively/actively interpreting what is
happening during the experiment as interventions, observations, and
expectations ambiguously interact. This is apparent when Morpurgo
observed an anomaly. He was frequently confronted with anomalous
grain motion in terms of his current expectations whilst attempting to
make sense of it in bounded technically rational terms. When he could
not, he had to adopt an alternative tactic, which Pickering charac-
terises as “active”, by modifying the formula for calculating charges on
the grains by adding an additional term to the equation. However,
contrary to Pickering, this tactic was also “passive” because the choice
of techniques for the active modification of the formula part of 
the model is constrained in accordance with what he perceived 
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the bounded technically rational choice to be in relation to what
Morpurgo could measure using his apparatus, how he could expect to
exoreference that modification as a physical mechanism, and simul-
taneously what he could expect to demonstrate by exoframing the
apparatus in that way. The configuration and functionality of the
apparatus, as well as his expectations of the functional and demonstra-
tive potentials of his models, interpretations, and the apparatus was
constructed and exoframed within the constraints of current bounded
technical rationality.

Goals and expectations are an intrinsic part of any technology and
are a pre-requisite for bounded technical rationality. Without goals and
expectations we could not make judgements about which techniques,
tools, or machines to use, and we would not expect them to work or
break down in particular contexts and perform specific productive acts.
Bounded technically rational choices, decisions, and intentions are
constrained by technology to the extent that the existence of particular
technologies are ontological pre-requisites for the existence of particu-
lar choices, decisions, and intentions. The teleological positings of
labour bridge practices and experiences, revealing the extent that both
are intrinsically defined in terms of each other, in accordance with
models of efficiency and functionality, during productive processes
within the current technological framework. Goals and expectations
are emergent in the same way as any other technological object and
cannot be localised in purely the human realm. Glaser could not have
intended to build a bubble chamber if he were born into Galileo’s
culture. Nor could Morpurgo have intended to search for free-quarks
by sacrificing a white ox at Stonehenge during the summer solstice.
Neither would have been a bounded technically rational choice within
the historically emergent technological framework. This constrains
intentionality through bounded technical rationality because a physi-
cist has a technological constraint placed upon him/her to use only
theories, interpretations, and intentions, which contain measurable
elements and the choice of theory, interpretation, and intention is
constrained by the limitations of the available measuring technologies.
In the context of experimental physics, the physicist is constrained in
her/his choice of technological objects according to the consensus 
of other physicists regarding what can or cannot be demonstrated 
by using particular techniques and machines. The physicist is con-
strained by the template of methodology and the paradigmatic con-
sensus regarding “efficient techniques” and “achievable goals”, and the
bounded technically rational choice is always to choose these “efficient
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techniques” as the means to achieve “achievable goals”. However, the
technological imperative to innovate is central to experimental physics
because it challenges human agents to innovate solutions to techno-
logically produced problems and to explore the ontology of the world
by increasing the available technological possibilities. Not only does
technological innovation constrain, extend, and challenge intentional-
ity by creating the possibilities for a whole range of potentially achiev-
able new projects and goals, but also constraints and challenges
intentionality when human agents maintain a perpetual deference to
the future, regarding the perpetual revisable estimations of appropri-
ateness and efficiency of any technique, as well as the achievability of
any goal. The “bounds” of technical rationality are themselves at stake
and tested by experimentation and innovation. Thus Glaser and
Morpurgo were challenged to invent their machines in accordance
with the goals, expectations, and constraints of the technical frame-
work in which they were situated and embodied, as a test of the alethic
possibilities and limitations of that framework. They were destined as
soon as they took up these challenges.

Pickering required a concept of “material agency” because he left no
space in his analysis for constraint and challenging within a transcen-
dent technological framework that pre-exists and orders the particular-
ities of experiences and practices of experimentation. Thus he
maintained that the experimental apparatus, the machine, is an inter-
mediary for the accommodations and resistances of the dialectic
between human and material agencies. However, if we restrict our
analysis of experimental physics to its performances, as Pickering
implored us to do, then we do not have a phenomenological experi-
ence as machines as intermediaries except in terms of what is said
about them. What we have are machines and interpretations of their
performativity in terms of mechanisms, laws, and theoretical entities.
It seems to me that we describe these machines as intermediaries
between human agency and material agency only because such a way
of discourse is a product of removing the machines from the account
and replacing them with Nature (or material agency in Pickering’s
case). If we examine machines qua agents rather than intermediaries
then we can develop a rather different description of experimental
physics than Pickering does. “Material agency” is an abstraction of the
particularity of practices and experiences emergent through complex
labour processes that are challenged to produce the knowledge of
general principles of mechanisms and functions of mathematically
abstracted machines, in order to metaphorically make the natural
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world intelligible to human beings in terms of mechanisms and func-
tions. The functionality of any machine is defined in terms of the
larger organizational structures in which they are integrated in accor-
dance with a teleologically posited goal. The experimental connection
of teleologically posited machines with other machines generates
“emergent brute resistances” in accordance with the degree of produc-
tive incoherence within the technological framework. This “resistance”
occurs when productive agents interfere with one another and is the
consequence of their heterogeneity. Coherence is achieved and resist-
ance disappears when these divergent heterogeneous agencies are
brought together upon the anvil of practice, so to speak, and forged
into a single centre of homogenised agency. It is the labour process
itself that transforms heterogeneity into homogeneity by teleologically
transforming the particularities of fragmentary experiences and prac-
tices during the processes of integrating them within a general and
unified technological framework. 

Human agents and machine agents are distinct but inseparable from
one another in the technological contexts of experimentation and
innovation. Machines are products and embodiments of intentions,
expectations, beliefs, choices, and values, and as such are agents within
a society. The innovation of new machines, when used, generate (not
just transform) new intentions, expectations, beliefs, choices, and
values, through the powers, constraints, challenges, and demands, that
they produce and disseminate through the society in which the are
operational. Machines teleologically shape the productive directions
and possibilities of labour and, it is in this context, that machines can
be said to have agency within their own right. For example, in Glaser’s
work, by attempting to connect diverse components together with the
aim of constructing a unified machine, a particle detector, each of
those components began as its own centre of agency (as a result of pre-
vious unification within the work of others) and the problem Glaser
faced was bringing these diverse agents together into a coherent and
unified totality. The resistances arose through the problem of achiev-
ing stable co-operation of functionality as each component was con-
nected together. When these heterogeneous components were brought
together, the particularities of each functioned out of phase with the
others, and the outcome was incoherent with the teleological posited
goal of producing a particle detector. This divergent functionality is a
consequence of components being brought together to perform func-
tions, for which they were not previously designed, developed, and sta-
bilised to perform, within a novel and incomplete framework. This

What Enables Us to Build Machines? 199



incoherence cannot be identified with an “emergent material agency”
precisely because it arises due to the fragmentation and disharmony of
divergent particularities rather than from a unitary source. It is a
product of non-linear heterogeneous agencies that find their function-
ality through their application upon each other in accordance with 
the teleological positings that provide principles by which they are
ordered. Hence, Glaser had the problem of having to coherently in-
tegrate his bubble chamber into the wider context of particle physics.
This involved connecting his machine, itself a componential complex,
as a component in the larger technology of particle detection. Achiev-
ing stability involved not only integrating all the componential agen-
cies of the parts of his machine but also integrating his machine, as a
component, into particle physics. His work required the integration of
diverse organizations of agencies that involved not only integrating
electrical components, glass tubes, and strange gases, but also involves
integrating techniques, interpretations, conceptualizations, political
institutions, economic factors, social organizations, beliefs, values, and
expectations, together into a stable means of production. It is only by
doing this, can new machines, like bubble chambers, be made to work
as agents and become part of scientific culture. 

This is especially apparent when we examine how materials are actu-
ally used in scientific work. Materials are integrated into the construc-
tion of machines in order to determine their properties on the basis of
what that material does, as a component, to the other components, the
other materials, to which it is connected and acts upon. From the
onset, this intervention is bound-together with representational
models of the material and the machine. Each component is organised
within the technological framework, teleologically posited in terms of
functionality, to explain the structure of the machine in which it is a
component. After all, what is a machine? It is not merely a particular
configuration of materials (metals, plastics, glasses, gases, etc.) but it is
a particular configuration of functions that can only be emergent
within contexts of implementation. Machines are made to reproduce
functionality through integrating diverse agencies into a coherent
unity, and, as such, may be mechanical, mathematical, computational,
social, political, military, biological, medical, scientific, analytical,
sexual, etc. Functionality does not necessarily come out of some inner
principle of Nature, but it does require organised power to set-upon
otherwise heterogeneous objects, gather them together, order them,
work upon them, and integrate them into a stable, coherent, and
unitary function, in accordance with the teleological positings emer-

200 On the Metaphysics of Experimental Physics



gent from an embodied heterogeneous complex of diverse modes of
agency. It takes effort, resources, and power to create, unify, and main-
tain new orders of functionality and purpose within a perpetually
transforming technological framework. Complex teleological labour
processes driven by the ongoing challenges of Ge-stell make functional-
ity. Even the so-called basic “materials” from which any machine is
built are functional components with their own histories of stabiliza-
tion and implementation. This is even true of substances that we take
for granted as elements, but understand in terms of a long and pro-
tracted history of use. Take iron for example, this substance is itself
identified in terms of its functions of hardness, durability, tensile
strength, availability, cheapness, etc., and all these functions have
taken considerable work to organise into a coherent unity. Iron ore is
dug up out of the ground, but iron is made and understood in terms of
its appropriateness and resistances within the context of a long history
of heterogeneous teleological positings and labour struggles to achieve
them. Resistances can be accounted for by examining the structures of
intentionality and appropriateness in terms of means-ends relations, in
the dynamic interaction between heterogeneous modes of agency,
which may cohere or incohere with each other, and, consequently,
dynamically produce stable or unstable intentional structures within
wider and pluralistic contexts. As such, resistances are the result of
sociological, psychological, political, economic, and technical incoher-
ence between divergent and competing agencies, each a componential
complex with its own history of development and future of transfor-
mative change. By treating “the source” of such resistances as the inter-
action of human agency and material agency, Pickering has substituted
“material agency” for the wider context of the outcome of complex
teleological efforts and struggles to integrate heterogeneous innova-
tions into pre-existing technological and social orders. These efforts are
inherently unstable because their non-linear interaction mutually
transforms their functionality. Contra Pickering, the situation is more
one of flux than dialectic and the challenge of invention is to create,
unify, and maintain order and unity of purpose and function from out
of the fragmentary and pluralistic chaos of non-linear technological
heterogeneity.

Whence the resistance? The problem facing us with this question is
how do we locate and identify the source of particular resistances, 
in its unity, within contexts of heterogeneity. How can we make 
sense of the possibility and phenomenology of resistance without
adopting scientific realism? In the Aristotelian scheme this hindrance
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and resistance is an example of hyle rather than phusis. The term hyle
captures both the sense of resistance, or recalcitrance, and also the
sense of the way that appropriateness emerges dialectically from
ongoing interventions and intentions. It is the phenomenological par-
ticularity of the particular and cannot be generalised between different
contexts of productive activity. It is a phenomenological response to
human interventions that does not spontaneously come of itself. Hyle
is emergent as a consequence of the attempt to impose the idealised
form and intentions upon materials and the particularity of that devia-
tion from expectations is dependent on the content of those expecta-
tions. It is an emergent feature of practice that occurs during the
human attempts, guided by techne, to inscribe form into materials,
which is neither controlled by human intervention, nor does it exist
independently of human intervention, but it is a property of the
context of poiesis guided by techne. Techne is an imagined complete 
and invariant knowledge of what is considered as “a true course of
reasoning” involved in bringing something into being through a com-
municable and universally repeatable act of poiesis. In physics, the
universalisability of any such act would depend upon its successful
integration into a machine prototype and its successful utilization in
the extension of a machine-family or the innovation of a new
machine-kind. Invariance, as the repeatability of a result through the
repetition of intentions, interventions, material practices, and the “true
course of reasoning”, is itself a techneic and poietic reproduction of the
transitive process from which it came about. A techneic theory is one
that is used to imagine a specific object utilising the same cluster of
technographe, techniques, material practices, and machines. Techne is
imagined to provide the contours, boundaries, limits, and prescrip-
tions, to a set of agential possibilities that are indexed in terms of
causal mechanisms and their effects. As the knowledge of the Being of
Becoming, techne aims at unifying any particular practices, by general-
ising the intransient causal principles of change within that work, and
offers complete alethic knowledge as “the end of experimentation”.
However, no such knowledge is actually possessed outside the imagina-
tion and the complete unification of practices and experiences remains
incomplete. Complete and perfect reproduction is an imagined ideal
that is never achieved in practice and experience. Hyle demonstrates
that extent that the technological framework is incomplete and the
particularities of the particular deviate from the law-like behaviour. 

Oersted’s famous experiment with a magnetic needle, a chemical
battery, and a wire, provides a relatively simple example of phenom-
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enological emergence of hyle in response to human interventions. As
Oersted reported in 1820:

…The opposite ends of the galvanic battery were joined by a metal-
lic wire, which… we shall call the uniting conductor or the uniting
wire… Let the straight part of this wire be placed horizontally above
the magnetic needle, properly suspended, and parallel to it… Things
being in this state, the needle will be moved, and the end of it next
the negative side of the battery will go westward…17

Oersted proposed, on the basis of this discovery, that an electric
current causes magnetic effects. However, it is not easy to reproduce
this effect. The needle does not move in a clear and stable way. It is
rather chaotic and it is difficult to witness the reported effect and keep
the needle from touching the wire. Gooding termed this as “the re-
calcitrance of nature” and it resonates with Tartaglia’s “material hin-
drances” and Giovanni di Guevara’s “marvellous motions”, in that
they were all referent to the particularity of the “natural” response of
artificial devices to particular human interventions. It is this pheno-
menologically spontaneous and chaotic behaviour that Pickering
termed as “material agency”. It is an abstraction of the phenomenolog-
ical experience of machines “doing their own thing” – they way that
their performances do not cohere within the technological framework
– and is not a pole or terminus of a dialectic. It is only through particu-
lar conceptual structures, socio-technically constructed and inherited,
on the basis of metaphysical presuppositions, that notions such 
as “material agency” can be intelligible as a conceptual device to
explain the phenomenological experience of resistance when bringing
together divergent modes of agency within a teleologically posited
labour process. It requires further rhetorical and analytical work to
abstract the machine performances into an intermediary and the
complex labour processes of experimentation into an imagined dialec-
tic between two modes of agency. Pickering oversimplified building
machines by analysing it in terms of human agency and material
agency. In my view, we cannot make the process of building machines
intelligible by analysing it in terms of dialectic between these two types
of agencies. Building machines involves integrating a diverse and
heterogeneous set of complex modes of agency, within the context 
in which any machine is a particular framework of interactions that
interacts with other modes of agency, within the environment in
which it is contained. Machines are technological objects within larger
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technological frameworks that order each other and, in turn, are
ordered within processes of gathering and ordering standing-reserve to
satisfy the never-ending challenges of Ge-stell. Rather than demonstrat-
ing or indicating a lack of correspondence with natural laws, resistance
is emergent as an incoherence within the unfinished processes of
labour and is contextually conceived as a “malfunction” or “problem”
until the coherent functionality of all agencies are produced and uni-
fied as an outcome of the innovative processes of labour in the creation
of its own possibilities. What is the source of resistance? Why do we
think that there is a single source? Resistance arises from heterogeneity,
diversity, and incompleteness.

What enables us to build machines?

What enables us to build machines? In many ways this is the central
but unasked question of experimental physics as a whole. Or, to put it
another way, the construction of experimental physics is itself a perfor-
mative attempt to answer this question by building machines and
attempting to present causal accounts of how they work. The presup-
position of the existence of natural laws in response to the question
does not answer this questioning. For even if there were natural laws
we still would not know why there are natural laws at all, or why they
have the form that they do. Experimental physics, as a mode of Ge-stell
challenged to achieve its own techne, is an ongoing process of pro-
ducing causal accounts of the technological innovation of prototypes
as technological objects for further innovation. The challenge for
experimental physics is to explore every conceivable possibility of its
own destining. It cannot end until it has undertaken every challenge
that it sets upon itself. In other words, the task of experimental physics
is to design, build, operate, innovate, and perform every possible
experiment upon every possible machine-kind. However, even if we
imagine this to be a finite task for which completion is a possibility,
this still raises the question of whether experimental physics will ulti-
mately provide the answer it was set up to provide. Whilst the objec-
tive of experimental physics remains the disclosure of mechanisms,
through innovating novel machines, it will not answer this question.
Why? Physics is challenged to build machines to explore the laws and
mechanisms in operation upon the interface of machine performativ-
ity. Thus it is destined towards the question of what enables machines
to be built as if the answer was itself something mechanical. However,
what physics cannot address is the being that builds machines in order
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to understand how they work. It cannot address the “us” of the ques-
tion. This is more than just a question of how the emergence of the
being of poiesis through the processes of machine agency in a techno-
logical society is possible. The question of what enables us to build
machines is a question of the origins of the possibilities and conditions
of the processes of labour themselves. It is a transcendental question of
the metaphysical processes of artifice, labour, and productivity. This is
a question of the being and becoming of “us”. The mystery at the heart
of the teleological labour process is the mystery at the heart of our
being-in-the-world. Why is the world like this? Why are we able to act
in the world in the ways that we do? Why are we like this? Who are
we? What are we doing? Why are we doing it? These questions cannot
be answered by modern physics because it cannot address the mode of
being for which its causal models are intelligible explanations. It
cannot address the question of its own metaphysical presuppositions.
The models produced by experimental physics are techneic and only
relate to the parts of the world that are contained within the processes
of experimental physics, that at most, can only reveal how a part of the
world works. That part of the world is restricted to the machines
involved. Even if we accept that physics can successfully (eventually)
produce knowledge about the first and necessary causes at work, in
such machines, it does not follow from this that this knowledge is
applicable to any other part of the world. It certainly does not follow
that this complete set of mechanisms will somehow explain the entire
“worlding of the world”. Nor does it follow from the fact that experi-
mentalists claim to discover and use natural mechanisms, with consid-
erable social and technical success, that any such mechanisms exist in
a realist sense. A mechanism, as an index for a reproducible change,
names a whole complex of reproduced ensembles of machine perfor-
mances, techniques, and exoreferences. It is a conceptually unifying
index for a complex of technological objects that can only be
identified through its implementation as a transferable abstraction
within the social imagination and technological practices of a techno-
logical society. 

From an outsider’s perspective we can understand the motives of
physicists without uncritically accepting their metaphysical presuppo-
sitions. Providing we attend to how physicists use these presupposi-
tions in the construction of their practices and experiences, then we
can explain how they produce explanatory power and predictive
success. Physics does not need to correspond to any reality outside of
itself. It only refers to Nature rhetorically and poetically as a metaphor.
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When a physicist proposes natural mechanisms to answer questions of
how natural phenomena come to be, why stars shine or birds fly, for
example, s/he is proposing a template for a techneic method to explain
how s/he could implement these mechanisms to make an artificial star
shine or make an artificial bird fly. S/he makes a model of a machine as
her/his answer. Even if physicists could make shining stars or flying
birds, which presently they can not, they still would need to assume
mechanical realism in order to claim that there was only one way to do
it, and they knew how Nature did it. Of course, as has been argued
throughout this book, experimental physics does presuppose the
mechanical realist ontology, but it does not follow from this that 
the ontology presupposed by experimental physicists is definitive of
the ontology that they actually explore, or that the world is exhausted
by the ontology of the experimental sciences. At most, experimental
physics can only epistemologically justify a modest mechanical realism
by revealing their capacity to model productivity in terms of the
enduring mechanisms at work in machines.

Whilst Bhaskar did provide us with an internally intelligible account
of experimental sciences as explanatory natural sciences, he did not
provide us with any reason why we should believe that mechanisms
occur in open systems at all. By the qualification that they are repeat-
able, a quality denied by Bhaskar to the phenomena of open systems,
there are good reasons why mechanisms, even by Bhaskar’s account,
could be taken to only occur in closed systems. However, my argument
has been that mechanisms are ontologically restricted to the kinds of
machine-families and productive contexts in which they occur and
epistemologically extended as metaphors to provide causal explana-
tions of natural processes. They are technological objects that are given
epistemological significance on the basis of metaphysical precepts and
do not necessarily occur in Nature at all. They are the products of a
metaphysical performance art that is itself empowered through its non-
linear power relations within the wider world of social, economic, and
military goals. Bhaskar’s claims go too far. His argument only shows
that experimental physicists, aiming to discover causal laws, cannot be
empiricists or idealists. Nothing else. Bhaskar’s transcendental realist
ontology depends on a reified technocentricity and a concealed meta-
physics that could only be described as referent to Nature if “Nature” is
taken to be that which is revealed by the technologies of experimental
physics. His claim to maintain a “nature-centricity” is a form of anthro-
pocircumferentialism based upon a conception of “technical man” as a
natural being.18 However, once the technological character of physics
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has been addressed then the realist notion of “causal power” is open to
the criticisms that it is a reification of those complex labour processes
into abstractions. It is the reification of the technological society as
neutral, normal, and natural. The interrelationships between techno-
logical objects, within the wider world in which they are situated, need
to be analysed in terms of complexity rather than causality. On my
account, the primary relationships between scientific discourse and
“Nature” are reproduced relationships of power and agency situated
within social imagination as a mechanistic world-picture. The scientific
attempts to identify “truth”, “efficiency”, “natural law”, and “causal-
ity”, are attempts to reproduce techniques, interpretations, practices,
values, dogma, institutions, orthodoxy, and authority, through acts of
closure and the exercise of social power, in the face of contingency,
plurality, controversy, and chaos. They are attempts to impose order
upon the world. Science, technology, human agency, and human
experience (in the technoscientific cultures and societies of the current
era) permeate and penetrate each other to such an extent that it is
impossible to separate them. The relationships between technoscience
and the world in which it is situated are understandable in terms of
non-linear “feed-back” loops in which both are defined and trans-
formed in relation to the other. Technoscience legitimates and circum-
scribes technological conceptions of “Nature” whilst being legitimated
and circumscribed by the technological society, which, in turn, uses
these conceptions to legitimate and circumscribe metaphysical concep-
tions of the human condition and our future possibilities.

Technologies are transformed when they coherently interact with
one another into a new unified mode of productive agency. The emer-
gent functionality of any machine can only be contextually deter-
mined in relation to the ensemble in which it has been integrated 
as a component, and the innovation and integration of any novel
machine in an ensemble of other machines transforms the productive
context of that labour process. Machines realise and exercise their
transformative powers during interactions with other technological
objects, transforming them and being transformed, and, therefore,
each and every machine performance is the product of a non-linear
ensemble of interacting technological objects in which each is emer-
gent from a background complex of heterogeneous transformative
powers. The greater the numbers of technological objects brought
together in different contexts then the more combinations of trans-
formations are possible. Transformative powers emerge as the con-
sequences of implementing any teleological posited goal within a series
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of experimental interventions that comprise the innovative labour
processes in accordance with heterogeneous demands and challenges
of a wider society. Ontological depth is the use of subsequently devel-
oped strata of machine-kinds within a process of “reverse engineering”
to transdict the performativity of earlier strata in terms of the later.
This is a mode of ontological extension through innovation that is
metaphorically used as a mode of explanation of the technological
innovation of novel strata. It is my proposal, posited as an alternative
to mechanical realism, that the innovation of novel strata can be
understood as a creative process. Realism presumes that the world is
complete and every possibility is determined in advance. We have no
way of knowing this. I have argued that experimental physics does not
require such knowledge, or even its possibility, in order to progress.
Each innovation of a new stratum is a revolutionary moment. It is a
creative event. These are singular moments in which it is impossible to
determine whether the novel prototypes will disintegrate into chaos or
integrate into a new order. The creation of any new order emerges
from the convergence of otherwise distinct clusters of technological
objects and a unification of their associated powers. This is a process of
mutating trial and error that spontaneously generates a novel shift in
the ordering process in which heterogeneous objects are combined
together under the same index. In any complex process, new levels of
complexity can be achieved (almost randomly), which cannot be
understood in terms of the previous levels because their indices, rules,
and abstractions do not apply. A stratum of new rules and abstractions
are in operation as a new organization is brought into being from the
old and is irreducible to the former. There is no reason to presuppose
that the possibility of successfully achieving this ongoing stratified pro-
ductivity has a unitary source. There is no single unitary source of
transformative powers because they can only emerge because the plu-
ralistic, unpredictable, and non-linear heterogeneity of technology. A
single source could only generate homogeneity and linearity; conse-
quently, the innovation of novel irreducible strata of novel techniques
and prototypes would be impossible. In a complex process it is the in-
completeness and disunity of the process that creates the non-linearity
of innovation, because what is brought-forth partially depends on 
how it is brought-forth, what it is brought forth into, and its posited
purposes. It is the whole technological society that is experimental.

The distinct kinds of mechanisms proposed to explain different
kinds of novel machine performativity will create novel levels of com-
plexity for which new rules and abstractions are required. The claim for
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the pre-existence of laws to explain complexity is premised upon a
deterministic and linear conception of evolution. As an alternative, we
can attempt to analyse this process as a non-linear creative process of
ordering heterogeneous technological objects and attempting to
explain their unification in terms of an ongoing process of innovation.
For example, the “neutrino oscillation” has been proposed within con-
temporary astrophysics and particle physics to explain the deviation
between theoretical expectations and observations, but its successful
implementation of it within experimental physics depends on more
than its utility as a transdiction. The “acid test” of any transdiction is
not only whether it provides an intelligible causal account of the
anomaly in question, but whether it provides exoreferences and func-
tives for the exoframing of further technological innovation. One of
the prime difficulties for quantum theory, for instance, is that it pro-
vides functives and facilitates innovation but does not provide causal
accounts. However, the instrumental success of quantum theory is
sufficient for it to be continued as a part of mainstream physics until
an alternative theory, which also provides explanatory power for the
same kinds of machines can be found. However, it does not follow
from the successful satisfaction of this “acid test” that any such theory
is (a) true of Nature or (b) the ultimate explanation. Neither technolog-
ical utility nor explanative intelligibility is a necessary or sufficient cri-
terion for objective truth about Nature. It is logically possible that
objective truths about Nature are both technologically useless and
incomprehensible. However, useless and incomprehensible truths will
never be a part of physics, and any truth that is part of physics 
has been disclosed by building a machine. Once these processes of
production and demonstration have been successfully invented and
disseminated, from the standpoint of a scientific community, then t
he interests of that community can move on. Necessity arises in hind-
sight through the successful production of acts of reproduction. 
The maxim that “necessity is the mother of invention” can always be
countered with the maxim that “invention is the mother of necessity”.
The assumption of mechanical realism allows the term “artificial” to 
be dropped and the adjective “natural” to be inscribed in its place.
Nothing more.

It is quite arbitrary to isolate a single component of the inter-
connected complex technological framework that constitutes the
background for innovative socio-technical agency as being the single
element responsible for its success. Predictions derived from a theory are
only components of the whole process of exoframing and performing

What Enables Us to Build Machines? 209



experiments. If we aim to understand any particular experiment in
terms of its components then we must holistically examine the com-
plicated and intricate interactions, from their set-up to their comple-
tion, in productive processes in which the teleology of the complex has
ontological primacy over its components. The components involved in
the whole complex can only be understood in terms of their total con-
crete interaction within the particular experiment in question as a
single complex technological object. It always remains an open ques-
tion of how these components were teleologically used and connected
within the whole complex of the closed system. The task of attempting
to mentally reconstruct the experiment in terms of isolated components
is an endless task. Concepts, functives, material practices, social prac-
tices, visualizations, metaphors, machine components, measurements,
calibrations, and models are all inextricably bound together in the
design, construction, operation, and interpretation of machine perform-
ativity. These components can only be understood within the context
of a non-linear analysis of production of particular machine perfor-
mances in terms of the functions that they fulfil within the closed
system. This involves understanding the whole process of constructing
and interpreting the closed system from beginning to end. However,
given that the meaning and functionality of any experiment is deter-
mined in relation to its interpretations and uses then we should not
limit our analysis to the closed system. The task of tracing the function
of any single component within any experiment requires a complete
analysis of the whole experiment, within the open system of the wider
world, to be set-up and performed in order to fully understand its
meaning and functionality. All technological objects are complex inter-
actions between other technological objects, within a technological
framework that is situated in an environment, and, hence, we cannot
treat mechanisms, capacities, or tendencies as ontologically fundamen-
tal without presupposing metaphysical precepts. Components must be
understood in terms of their purpose and performance, as teleological
and non-linear, within a labour process and the wider world. In this
sense they cannot be understood as isolated components at all. The
identification and representation of a single element as responsible for
the success of any socio-technical agency is itself the invention of a ten-
tative, hypothetical, and experimental object of experience and theory
that is perpetually open to refinement and replacement.

Each component is an irreversible precondition for the agency of
other components and, consequently, the being of the whole process is
an irreversible extension of reality through the teleological and onto-
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logical challenges of Ge-stell. This is the reality of poiesis in the modern
world and it is this reality that provides physics with the possibility of
discovering the alethic possibilities of that world. However, the disclos-
ure of poiesis is not the disclosure of what existed prior to the experi-
ment but is the disclosure of what the experiment has brought about.
It is the creative and innovative disclosure of experimental physics
itself. This can only be determined in hindsight and the intellectual
process of analysing an experiment is always one that attempts to
understand what was actually done. Thus the understanding of physi-
cists always lags behind the transformative extension of reality that
they are challenged to bring about and the physicist cannot know
what s/he is doing whilst s/he is doing it, because this can in principle
be only known after it has been done because there is no “it” until it
has been done. On this account, experimental physics is a mode of cre-
ative labour that brings beings into the world and transforms the
world. The “it” is manifest through the contingent interaction of com-
ponents and, to the extent that “it” is constructed as a technological
object, only achieves “its” identity as a consequence of labour pro-
cesses in innovative interaction with other labour processes. These
technological objects are contingent upon both the paradigmatic back-
ground, against which they are contextually understood and used, and
the teleological positings that emerge from the challenges of Ge-stell.
As has already been argued, the causal powers or capacities involved in
any complex process can be determined only from a position of hind-
sight using the reconstructive analytical imagination. Transformative
power remains ontologically opaque and oblique to such epistemologi-
cally contingent and perpetually revisable causal explanations. These
causal accounts remain only contingently and pragmatically associated
to the transformative powers that the physicists bring-forth into the
world. These causal accounts may well technologically function within
the ongoing development of that experiment and the social use of
those accounts to partially explain some aspects of the world, but they
do not explain how transformative power is possible and brought-forth
in the first instance. To put it into metaphorical language, the fire of
the cave burns independently from the efforts of the shadow pup-
peteers and remains unexplained by the successful prediction of the
sequence and changes in the progression of shadows. The way that
physicists learn from and develop the process in their extension of
their range of puppets and their refinement of the art of shadow pup-
petry tells us nothing about the flame itself. The shadows on the cave
wall may well change as the puppeteers design, build, modify, and
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operate new puppets in the flickering light of the fire, whilst they care-
fully attend to the shadows and the flicker, but they cannot explain
the flame itself. The shadows on the cave wall only relate to changes in
the puppets and do not correspond to the fire at all. The prisoners in
the cave and the shadow puppeteers cannot explain the fire.

Leaving the cave of the shadow puppeteers

Experimental physics is directed towards disclosing mechanisms and
testing their reality by implementing them in the ongoing activity of
its own technological innovation. The focus is on the expansion 
of possibilities and not upon histories. Due to the centrality of inno-
vation within “testing” in physics, secured within a technological
society, driven by the psychological desire for novelty, progress, and
instrumentality, experimental physicists lose interest in their past very
quickly. They have little interest qua physicists in what physics has
been and are only concerned in the becoming of physics. They forget
the tentative poeticising in the construction of metaphorical under-
standings of machine performativity. In this forgetfulness, they find
their own truths. When it was forgotten that these models were “repre-
sentative” then they could be presented as the real things. It is this
habitualness, and forgetfulness, combined with an innovative head-
long rush to discover new powers, that transforms metaphors into
techniques, and techniques into truths. Physics is a heterogeneous con-
vergence of machine families and metaphors perpetually directed
towards its own techne as the asymptote of its expanding horizon.
Physicists seek out heterogeneity to transform into prototypes of
machines, models, and techniques. These strata are standing-reserve as
resources for future innovation. Its end is the expansion of itself and
an exploration of its own subtleties during that expansion. As an inno-
vative process it is directed towards itself. To understand itself, in its
own metaphysical terms, is to understand the Universe. In order to
understand itself, to understand the Universe, it must explore all its
possibilities and potentials. It must become everything that it can
become. It must consume Nature and replace it with itself. Once it has
done this then it will be its own truth. There will be nothing left to do,
nowhere to go, and physics will simply cease to exist. All that will be
left will be its technologies and no possibility of further innovation. It
is a destining driven by the socio-technical organization of expansive
innovation. It is creative of itself through poetical and technological
innovation. It is an art that discovers the real by producing the real. It
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is a form of poiesis that transforms itself as its own resource and object.
The ongoing process of Ge-stell is one that continually challenges
physicists to order their practices into a concretely structured complex
of inter-related mechanisms available for future innovation. However,
due to the metaphysical precepts of experimental physics, the pro-
duction of intelligible accounts of the causal processes at work in the
production of natural phenomena according to natural law is the
revealing of truths, in Heidegger’s sense of aletheia, as a mode of
disclosure for its own sake. Experimental physics is intimately bound
up with poiesis as a craft and art and is also bound up with modern
technology as Ge-stell. It bridges modern technology and craft practices
and, as such, reveals Nature as both standing-reserve and truth. The
production of technological objects is both a means and an end for
further innovation. Physics is itself an experiment that began in the
fifteenth and sixteenth centuries and it has been innovating itself ever
since. By analysing experimental physics in terms of experimental
labour processes we are able to address the fact that its successes and
failures are the results of protracted historical struggles of heteroge-
neous organised efforts to stabilise and reproduce socio-technical prac-
tices involved in the design, construction, operation, inscription, and
interpretation of machine performativity, whilst simultaneously situat-
ing that process within a perpetually refined world-picture. These
efforts are always able to draw upon a background of prior successes
and failures. In this respect the successes of experimental physics are
not a “miracle” and are quite unsurprising. Or to put it another way,
the successes of experimental physics are no more miraculous or sur-
prising than any and every act of making.

As argued above, the truths and reality disclosed by the processes of
experimental physics are brought forth as aletheia rather than mere
“facts”. Physics aims to disclose mechanisms and situate these within
its ongoing activities rather than merely compare linguistic truth
propositions with experience. Physics is situated upon the boundary
between techne and Ge-stell because its alethic modalities are both
goods in themselves and standing-reserve for future work. On this
point I agree with Bhaskar’s argument for an alethic conception of
scientific truth (rather a correspondence notion) because the transitive
dimension of human productive activity produces it. However, he did
not fully escape the traditional epistemic correspondence notion of
truth because he limited his conception of the significance of alethic
possibilities by his commitment to the existence of an intransitive
dimension of natural laws. The mechanical realist presupposes the
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truth of the premise that only the alethic modalities that correspond
with the possibilities derived from “natural law” will work in the real
world. Thus the creation of an artificial closed system can disclose
“natural law” by exploring the productive possibilities within the
closed system. The mechanical realist presupposes that only those
artificial means that function according to “natural law” are capable of
functioning at all. Human agents may well have only artificial means
at our disposal but, for the mechanical realist, these means are only
capable of being means in virtue of their utilization of “natural mecha-
nisms”. For the mechanical realist, the only technological objects that
are possible are the ones that are constructed in accordance with
“natural law”. Hence, once mechanical realism has been presupposed,
any possible artifact is not radically different in kind from any possible
natural entity. The only difference between the two, on the mechan-
ical realist account, is that the former requires human intervention to
occur whereas the latter is the result of a lack of human intervention.
They are merely counterfactuals from the same “natural laws”. For the
mechanical realist, such as Bhaskar, this is a requirement for the intelli-
gibility of experimentation. This was presupposed in Bhaskar’s subse-
quent philosophical writings, where labour and its possibilities are
circumscribed and delimited in accordance to the possibilities permit-
ted by natural laws; only that which is permitted by natural law can be
brought forth because natural laws govern the conditions and possibil-
ities of discovering, exercising, and realising mechanisms. Thus, for
Bhaskar, human freedom does not consist in an independence from
natural law but, rather, in the knowledge of natural laws and the possi-
bility of making them dialectically work towards definite ends.19

Supposedly the knowledge of natural laws and mechanisms provides
the Promethean (and Marxist) promise of instrumentally increasing
the material possibility of satisfying teleological positings that liberate
us from the organically evolved alethic modes of our “natural state”.
Hence, it must also be recognised that, according to the mechanical
realist metaphysics within the societal gamble, the technologist and
the physicist are engaged in the technological imperative as a moral
imperative. The gathering and ordering of all plans and activity in a
way that corresponds to technology, within a technological society, is
seen to take us nearer to the realization of the success of the societal
gamble and the removal of the evils of the natural world. The drive to
innovate, bringing novel inventions and new transformative powers, is
inherently a moral drive within the technological society to improve it.
This imperative imposes a duty upon trained specialists to fulfil their
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social responsibility to discover and utilise the most efficient means at
our disposal and to create the means to liberate our fellow human
beings of the arbitrary capriciousness of the vulnerability, disease,
ignorance, and premature death that Nature imposes upon us in “our
natural state” of animality. When Bhaskar made the ontological argu-
ment that human freedom is enhanced by the knowledge of natural
law, his metaphysical argument for a realist theory of science was
inherently a moral argument in which scientific truth is equated 
with the good. Thus, when Bhaskar equated increased freedom with
increased techneic knowledge and the productive powers associated
with it, he was advocating the goodness of the technological society.

Bhaskar’s scientific realism already presupposed a duality between
the transitive and intransitive dimensions to the extent that successes
must be a consequence of the correct correspondence between human
activity and the possibilities permitted by “the real”. Success suppos-
edly occurs as a result of the convergence between these two dimen-
sions. It is for this reason that Bhaskar was able to argue that not only
do the practical successes of experimental science demonstrate the
validity of scientific realism, but also that facts have inherent value.
However, if we posit that the intransitive dimension is emergent from
the trajectories of the transitive labour process as a totality, then the
teleological positings of labour provide the poiesis of agencies with a
trajectory emergent from a whole history of past efforts and their satis-
faction. The objects of any technological framework are organised
according to their appropriateness for the poiesis of the labour process
itself. Thus the productive possibilities of these objects are situated
within the totality of the labour process according to the teleological
positings associated with each and every object and the teleological
positing of the whole labour process as a totality. The agential po-
tentials and possibilities of any object should not be attributed to the
object, on this account, but, instead, be regarded as properties of the
way that they are situated within the organization of the whole labour
process from beginning to end. These potentials and possibilities
should not be divorced from the teleological positings of the labour
process as a totality, and, without the organization of agencies within
the whole labour process, the objects within that organization would
have no potentials or possibilities whatsoever. As Lukács observed, 

Realization is not simply the real result that real men accomplish in
struggle with reality itself in labour, but also what is ontologically
new in social being in opposition to the simple changing of objects
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in the processes of Nature. Real man, in labour, confronts the entire
reality that is involved in his labour, and in this connection we
should recall that we never conceive reality as simply one of modal
categories, but rather as the ontological embodiment of their real
totality.20

Thus labour processes are genuinely creative and transformative as
they bring forth the unfolding of transformative powers along posited
trajectories in accordance with the challenges put to labour. The act of
“placing” the induced and abstracted technai of such processes in corre-
spondence with an intransitive dimension of natural laws, that suppos-
edly pre-exists the processes of labour, is an act of reification of those
labour processes that alienates human beings from the reality which
their labours bring-forth. This masks the social ontology of labour with
an autonomous “objective world” of mechanised reality and places an
obstacle to genuine inquiries into the ontology of labour itself. 

Any genuine inquiry into labour processes should examine the tele-
ology of those processes because without addressing the goals to which
labour is destined, as well as the posited means by which those goals
are to be satisfied, we cannot hope to understand those processes as a
mode of organization of agencies. Since the sixteenth century, experi-
mental physics has posited the form of truth through its mathematical
projection of the six simple machines upon natural phenomena, whilst
simultaneously positing the practical value of that truth for humanity.
The organization of the ongoing activities of experimental research has
transformed those natural phenomena in accordance with the posited
anticipations of the form of truth and the human good life. Thus 
the reality disclosed by the labour processes of experimental physics
should not be simply categorised as pre-scientific and objective Nature,
but it should be seen as emergent from genuinely creative labour
processes premised upon anticipations of truth and goodness. The
agencies and transformative powers brought forth during experimenta-
tion should be taken to be the products of the totality, providing those
products are situated within a historical trajectory, teleologically pro-
jected towards the discovery and liberation of power over our material
conditions. Thus physics does not necessarily disclose a precedent
reality but, rather, innovates and produces its own creative transforma-
tions of reality as sets, clusters, and ensembles of machine agencies and
strata of transformative powers, in accordance with a moral equation
that scientific truth is good. Physics is a consequence of the desire 
for certainty and technological power in a world that seems aloof,
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indifferent, and often hostile to human life. The societal gamble is
emergent from the human struggle against and within chaotic compet-
ing powers beyond human control and comprehension. The gamble is
that the world will become a better place because it will become more
intelligible and human beings will become freer by becoming more
powerful. Hence it is not merely a historical accident that natural
philosophers and positivistic scientists have advocated a moral obliga-
tion and duty to pursue scientific truth. The assumption of an equation
between technological and moral imperatives underpins the epistemo-
logical foundation for the techneic causal accounts that are emergent
as abstracted and communicable understandings of those ensembles
and strata of powers. Hence they are represented as the results of the
successful reproduction of those labour processes and the cognition of
their future possibilities. They are constructed in hindsight as a result
of extending the closed system and removing all hindrances to its
reproduction, whilst transforming all contact with the natural world
into series of causal understandings juxtaposed with clusters of techno-
logical objects. Consequently, the functions and uses of the transfor-
mative powers produced by scientific activity do not remain fixed and
defined at the walls of the laboratory and the pages of scientific litera-
ture (including journals, textbooks, and instruction manuals) as they
are disseminated throughout the wider world. These functions are
innovatively transformed and extended as they are implemented by
the pluralistic agencies of the wider world. The social meaning and use
of these objects are transformed as they are embedded and integrated
within the cognitive, discursive, and technological practices of the
everyday lived-world of modern life. They are transformed as they are
utilised for political, commercial, and military purposes within the
institutions and policies of states, corporations, and armed forces.
These different dimensions of appropriation and usage are complex,
pluralistic, intimately related, and frequently incommensurable. It is
evidently the case that the experimental sciences are themselves
merely instruments, technological objects, for the discovery and pro-
duction of novel transformative powers for whatever purposes and
challenges the wider world demands. Thus the possibility of the dis-
covery of the final alethic truth of the transformative powers brought-
forth by experimental physics is inextricably bound to the total
complex labour processes of the final construction of the technological
society.

However, the truth within the technological society is not only
viewed in terms of its instrumental value for enhancing possibilities for
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producing an intelligible explanation of transformative power, but is
perpetually deferred to the future because its realization is conceptually
bound to its instrumental value in bringing-forth and explaining new
transformative powers during the whole process of the construction of
itself. Thus, the objective of this extension is not that of understanding
the natural phenomena of the worlding of the world but is, rather, the
creation of new labour processes, transformative powers, machine
agencies, and the technological society. In this respect, the objective of
experimental physics is its own self-creation, within a society that
empowers that self-creation for its own purposes. Experimental physics
is a means of disclosing the potentials and possibilities of itself as both
an end-in-itself and as a means to future disclosures and refinements,
within a society that values that metaphysical art as a source of trans-
formative values and new powers. It is an art engaged in the poiesis of
its own trajectories and destining, whilst it is embedded and inter-
weaved within the social ontology of political, economic, and military
agencies. Evidently, as I have endeavoured to argue above, it is ex-
tremely problematical to describe physics as simply a process of the
transformation of natural entities, via interventions and representa-
tions, into knowledge. The mechanical realist conceptual grasp of phe-
nomena as products of natural mechanisms utilises mechanical models
as metaphors for the purpose of providing intelligible expressions and
visualizations of phenomena as products. This consciously executed
project promotes detachment and distancing of the subject-object rela-
tion in the human reflections upon Nature. The construction of such
metaphors and their intelligibility is an experimental process that is
both challenged as the ongoing process of Ge-stell and is underwritten
by the mechanical realist precepts. The construction of intelligible
communicable accounts of novel phenomena is inextricably bound up
with the processes of labour that produce those novel phenomena.
During the construction of such accounts there is a continuous interac-
tion between the labour processes involved in the innovation of novel
communicative, representational, and material practices. It is a com-
plex process of transforming the background of technological organ-
ization and social organizations according to emergent teleological
positings made to challenge and ontologically transform human-
machine relations and agencies within a complex wider world of
transformative powers. It is a “grand experiment”! Whether or not
experimental physics could touch the asymptote of objective reality
remains perpetually open to question because it remains incomplete
and imperfect whilst it is endlessly challenged to test itself by innovat-
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ing refinements and improvements of itself. The teleological positing
of the mathematical projection perpetually defers the fulfilment in its
own completion and perfection and the scientific realist has pre-
empted the conclusions of the “grand experiment” by declaring that
physics has achieved successes. If we examine the reality of the labour
processes of experimental physics, from its historical origins to its con-
temporary trajectories, then, at most, we should limit our pronounce-
ments of success to the more modest acceptance that the “grand
experiment” is still ongoing. We have yet to determine whether 
the societal gamble of experimental science was a good move. This
reveals the very real and ethically important realization that the soci-
etal gamble is a moral experiment. The scientific realist interpretation
is not only an experimental metaphysical interpretation of the purpose
of the possibility of human existence, but it also postulates norms
regarding the nature of a good life. As such, it is a statement of alle-
giance and affirmation for the “grand experiment” that we call “the
modern world”.

No doubt, scientific realists will consider the argument in this book
to be premised upon an idealist interpretation of science because they
insist that the reality disclosed by scientific activities must be thought
of as somehow being independent of human thought and action,
whereas I have argued that the reality discovered by scientific activity
is created by that activity. However, my argument is that it is “the
scientific realist” who has superimposed an artificial construct over
Nature and has attempted to construct a hegemonic moral posture as
the defender of objective reality against pernicious idealism. Yet,
perhaps, it is the so-called “scientific realist” who is the idealist – albeit
a funny sort of idealist. The “scientific realist” insistence on the “inde-
pendence” of their imagined conception of reality is something that
not only is arbitrary, historically contingent, and rhetorical, but it is
also potentially an epistemological obstacle to a deeper understanding
of the nature of reality and the human condition. The abstract notion
of “natural law” is an archaic mask that has been placed over the
mystery that occurs during every act of making in the human world
and every change in the natural world. This mystery is a mystery of
“bringing forth” itself. Does a concept of “natural law” help us to
understand this mystery? Does it say anything more than whatever
happens was necessary? What is Nature? Is it what is necessary? Is it
objective and law abiding? Is there a unified “it” at all? Perhaps the
“scientific realist” has pre-empted and spoken for Nature with her/his
human dreams, imagination, and hopes. Perhaps the objective reality

What Enables Us to Build Machines? 219



of “Nature” is of a kind that is completely alien to our guesses about it
and even beyond our comprehension altogether. Perhaps an aloof
Nature merely demands our respect and awe. Any genuine realist must
accept that possibility. However, in this book, I have been discussing
the reality that is intimately bound up with scientific comprehension
and technological innovation. It is that reality which is phenomeno-
logically and conceptually dependent upon our participation. If we
were to stop trying to explain reality in technological terms then that
reality would cease being unfolded in that way. Human beings and our
modes of being are only a part of the processes by which the ontology
of the world is disclosed, whilst both reality and truth are bought-forth
by the process of disclosing reality and truth in particular and situated
ways. We do not control its unfolding because we are situated within
an unfolding worlding of the world. This existential and alethic con-
ception of ontology is distinct from the idealist identity of reality in
“The Mind” or “The Absolute”. It is also distinct from the all too
human insistence that reality and truth are somehow “out there”.
Experimental physics is just one possible mode of disclosure amongst
all the others. Music is another such mode of bringing-forth. It also
occurs through the interactions between human interventions and
machine performances, it is also an art directed towards its own perfec-
tion, it is a Ge-stell which discloses itself as standing-reserve destining
towards perpetual novelty, and its contours are also inscribed in terms
of the artificial technographe of musical composition. The only differ-
ence between music and physics, on my account, is that “realists” gen-
erally do not attempt to explain how music (as distinct from mere
sound) is possible in reference to “Nature”. However, the creation and
performance of music, as a bringing-forth, is also a truth. Not a truth
in the sense of “correctness”, although it can be precise, but a truth in
the sense of aletheia. It discloses its own truth as a mode of disclosure.
Music does not “correspond” to an external and objective reality. Nor
does it exist only in the mind. The objective-subjective classification
does not explain music. It does not explain physics either.

The philosophers of science have spent too long bound, with the
shadow-puppeteers behind them, arguing about what they see in the
shadows on the cave wall. They need to turn around, pay close atten-
tion to the art of making shadow-puppets, and question how experi-
mental physics is done. It has not only been my intention in this book
to look closely at the shadow puppeteers to see how they relate the
shadows to the art of making the puppets to produce shadows, but also
to argue that the representations on the cave wall tell us nothing about
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the fire and the sun. If the experimenters are the shadow-puppeteers
who learn their art of puppet making by watching the shadows on the
cave wall change, as they make their shadow-puppets and pull their
strings, then what is the fire? How does it relate to the sun? And, what
is its origin? Physicists, positivists, scientific realists, and philosophers,
need to attend to the question of the metaphysical foundation of
experimental physics afresh, from within the context of a more general
challenge that we all attend to the phenomenon of making as an existen-
tially and metaphysically important phenomenon for any inquiry into
the conditions and trajectories of the human character and our under-
standing of the world. This is crucial in our understanding of what the
human character is and how we go about questioning it. Furthermore,
we need to question the extent that the other experimental and
natural sciences, such as chemistry and biology, are also bound up
with mechanical realist metaphysics and the societal gamble. Hence,
we need to reflect upon, debate, and question our deepest presupposi-
tions and ideals about the ontological foundations of our possibilities
when we derive our philosophical conceptions from the ideas, models,
theories, and “facts” produced by the “natural sciences” regarding the
human condition and our place within the world. Our understanding
of the experimental “natural” sciences needs to be situated within a
broader and deeper inquiry into how the human condition and reality
is explored and changed through acts of making. Each experimental
“natural” science is an innovative art that explores the questioning
into its own possibilities by making them happen. Hence, the episte-
mology of the experimental sciences is derived from the same mechan-
ical realist metaphysical assumptions regarding the ontological
possibilities that permit acts of making. However, making, as one mode
of being-in-the-world, is itself only as miraculous or surprising as any
other mode of being-in-the-world. Once we have reached this level of
truth then we are confronted with the reality that it is our existence
that is surprising and miraculous. This reality is not explicable by
scientific realism and, as a consequence, the successes of the experi-
mental sciences are not explained by affirming realist metaphysics. The
world remains surprising and miraculous however we attempt to
explain it, because we need to explain why our explanation should be
the case and then explain that further stratum of explanation. This
stratified process of explaining could continue indefinitely, perpetually
requiring further explanation, and, as I have already argued, the intelli-
gibility of any explanation is independent from its truth-status. Ex-
planatory realism only instrumentally functions within the ongoing
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process of stratification and is perpetually incomplete, and, as a conse-
quence of this incompleteness, does not have any epistemological priv-
ilege in the face of the enduring mystery of Being. It can only conceal
that mystery by pretending to have correctly pre-empted its logic of
stratification. Whereas, as I have endeavoured to argue, realism is far
from being the only position that does not make a “miracle” out of the
successes of physics because it cannot fully explain the possibility of
experimental physics at all. If it could then what need would we have
for experimental physics as a route to truth?

At present we are unable to state certainties regarding the mode of
being that we call “labour”. We do not know the reality and possibili-
ties of our own being-in-the-world from which labour as a mode of
being-in-the-world springs. This “innocence” arises from our state of
thrownness in the world. The societal gamble is that science and tech-
nology will improve this state of thrownness. We cannot even know
the conditions under which we could even begin to control and com-
prehend “the worlding of the world” that is beyond us, no matter how
much we try to harness and understand it in technological terms. It
simply demands our respect. It is for this reason that I share Ellul’s con-
cerns about the way that the artificial world destroys and replaces the
natural world and “the societal gamble” is a gamble on the superiority
of an artificial world over the natural world. However, I disagree with
Ellul’s argument that the artificial world does not even allow the
natural world to restore itself or enter into a symbolic relationship with
it. In my view, the artificial and natural worlds are symbolically related
within the technological society negatively in terms of the “power” of
the artificial over the natural and the “freedom” of the technological
society from the limits of the natural world. As I have argued above,
modern experimental physics is only possible because its metaphysical
presuppositions allow a series of ontological and epistemological pre-
suppositions that have become tacitly embedded within teleological
positing of the societal gamble to artificially construct a better world
that contains new powers and freedoms. Mechanical realism allows
that societal gamble to be naturalised, whilst normalising and structur-
ing particular modes of human participation within it. As I conse-
quence of this, my criticism of Bhaskar’s conception of alethic truth is
that it maintained an implicit connection with the more traditional
correspondence notion and consequently superimposed an abstraction
of the product of particular modes of labour (i.e. those involved in
experimental physics) over all modes of labour as their possibility and
condition, whilst it metaphysically naturalises the societal gamble and
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alienates human beings from the choices that gamble entails. Whilst I
agree that there is nothing necessary or sufficient about the experi-
ences of the lived-world when that world is one of hunger, poverty,
disease, squalor, fear, and premature death, I wish to criticise the hege-
monic social ontology implicit within Bhaskar’s epistemological con-
ception of alethic truth when he maintained the traditional reification
of the labour processes of experimental work. He constrained and
determined the possibility of human freedom in accordance with the
abstracted outcomes of the labours of experimental scientists, whilst he
presupposed that science is a good. However, the mechanical realist
notions of rationality, truth, and progress are not easily sustained once
we address the extent that technosciences are embedded in the
ongoing challenges of Ge-stell and the societal gamble. The belief that
the dissemination of the efficiency of technique and the power of tech-
nological objects will necessarily lead to human emancipation and
enlightenment is naïve. The claim for the rationality, truth, and uni-
versality of the technoscientific enterprises of Ge-stell is simultaneously
a claim for the legitimacy, power, and globalization of Ge-stell. Thus
Bhaskar engaged in a hegemonic effort to pre-empt the shape of the
future by declaring his allegiance to the authoritarian moral right of
scientists and technologists to provide the means of production 
to shape that future in accordance with the entailments that their
metaphysical abstraction has for all human knowledge, labour, and
freedom. These entailments presuppose that rationality, truth, and
freedom must be that which reasons and acts in accordance with the
efficient and empowered participation in the technological imperative
of the societal gamble. The unreflective presumption of mechanical
realism alienates human beings from their own dialectical moral con-
templation by attributing the duty of acting in accordance with the
historical development of the technological imperative’s drive towards
efficiency and power as being the only possibility of achieving a free,
rational, and good life for humanity. Once we take the societal gamble
into account then we can also see that technosciences, such as modern
experimental physics, entail moral presuppositions regarding the equa-
tions between power, freedom, truth, and the good.
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