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ABSTRACT: This essay offers a detailed review of the literature on the relationship between 
technology and science. It is in two parts. Part I begins by describing 'science' and 'tech- 
nology', and the differences between them. It then discusses the commonly-held 
technology-as-applied-science (TAS) view; the origins of this view, the support for it, and 
the strong historical and philosophical challenges to it, beginning more than half a century 
ago, are explored. The development of the steam engine is then offered as a brief case study 
to illustrate that science-technology relations are more complex than implied by the TAS view. 
Part I concludes with a consideration of ontological arguments supporting the reverse view, 
namely that technology is often a necessary precursor to science�9 

Part II, to be published in a following issue, explores some of the consequences of the TAS 
view. One consequence is that it has generated a story-line in which scientific ideas are empha- 
sised and other factors necessary for technological innovation have been down-played. Another 
consequence is that, even in cases where technology does apply scientific knowledge, the 
process of application is often considered obvious; the difficulties of translating ideas into 
artefacts may not be appreciated�9 The essay argues for the telling of a more complex story 
of science-technology relations, one which recognises their historical independence in the 
past, and their mutual, two-way interaction in many modern fields of endeavour. It con- 
cludes with a consideration of some economic and educational implications. 

Keywords: History and philosophy of science and technology; science and technology 
education. 

�9 . . technology is important today precisely because it 
unites both the universe of doing and that of knowing, 
connects both the intellectual and the natural histories of 
man. 

Peter F. Drucker (1961, p. 350) 

INTRODUCTION 

W h a t  is the  r e l a t i o n s h i p  b e t w e e n  s c i e n c e  and t e c h n o l o g y ?  This ,  an e s s e n -  

t ia l ly  p h i l o s o p h i c a l  ques t ion ,  has  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t  for  g o v e r n -  

m e n t s  as they  g r app l e  w i t h  the  p r o b l e m  o f  a p p o r t i o n i n g  na t iona l  r e s o u r c e s  

to sc i en t i f i c  r e s e a r c h  and t e c h n o l o g i c a l  d e v e l o p m e n t .  T h e  q u e s t i o n  is a lso  

i m p o r t a n t  fo r  t hose  e d u c a t o r s  a t t e m p t i n g  to r e s h a p e  s c i e n c e  e d u c a t i o n  to 

i nc lude  c o n s i d e r a t i o n  o f  t e c h n o l o g i c a l  and soc ie ta l  i s sues  as w e l l  as for  those  

s e e k i n g  to b r o a d e n  the  goa l s  o f  t e chn ica l  e d u c a t i o n .  

A de ta i l ed  e x p l o r a t i o n  o f  the r e l a t ionsh ip  b e t w e e n  s c i ence  and t e c h n o l o g y  

r e q u i r e s  t w o  p r e l i m i n a r y  steps: 
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* clarifying the question itselfi what is meant by the term 'relationship'? 
* clarifying the meanings of  the terms ' sc ience '  and ' technology' .  

The meaning of the question 

The assertion that X is related to Y can have many meanings. 'Bill is related 
to Joan'  connotes that there is some common biological ancestry in their 
family tree. 'Mary has a good relationship with her sister'  implies some- 
thing else, that they value each other 's  company. 'The tides are related to 
the positions of  the sun and the moon '  is a statement about a determin- 
istic causal relationship, while 'Smoking is related to lung cancer '  signals 
a probabilistic one. 

Similarly, if we ask, 'What  is the relationship between technology and 
science?',  we may interpret the question in several different ways. One inter- 
pretation is ontological: what is the nature of  science and technology, and 
in what ways are they similar or different? A second interpretation is epis- 
temological: how are knowledge and capability gained and validated in these 
fields? Is technology an outcome of science, or vice versa, or is the rela- 
tionship two-way? I f  there is a relationship, is it deterministic (does every 
technological innovation depend on scientific knowledge?) or probabilistic 
(are people who possess scientific knowledge more likely to be techno- 
logically innovative?) A third interpretation is normative.  What  is the 
relative value of science and technology? Are they of  equal worth? Is 
technology perhaps of  greater value, because it generates solutions to prac- 
tical problems? Is science more valuable because it is in some way more 
intellectually powerful? 

These questions are important  for science and technology educators.  
The philosophical positions that curriculum developers hold - explicitly 
or implicitly - will affect, if not determine,  what is included in the 
curriculum and what is left out, the sequencing of subjects in the total 
curriculum, and the sequencing of  material  within a subject. For a 
clear illustration in the science/ technology field, consider the views of 
Professor Eric Rogers, the director of  the NUffield Physics Project in the 
1960s: 

The technologist must have a tremendous knowledge of science; and he must under- 
stand that science which he puts to such good use. He too needs an early beginning in 
understanding and much study of pure science - study with real delight if he is to keep 
and use it. Furthermore I fear the technologist is sterile: one generation of technologists 
cannot breed the next generation - for the latter will be far behind the frontiers, and 
will lack the deeper understanding which is part of their preparation. It is the pure 
scientists who must give the next generation of technologists essential training (Quoted 
in McCulloch, Jenkins & Layton, 1985, pp. 96-97). 

The epistemological  position which Rogers  is adopting here is quite 
explicit: technology depends upon science, and therefore the acquisition 
of scientific knowledge must precede the development  of technological 
capability. This leads R o g e r s t o  a normat ive  position: scientific knowl- 
edge is more valuable than technological skill, at least at the earlier stages 
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of education, because of its greater power or fertility. Not surprisingly, 
the Nuffield Project Physics course developed under his direction in the 
1960s emphasised 'pure',  academic physics, virtually unrelated to techno- 
logical issues (as did other physics courses of that period). 

TECHNOLOGY AND SCIENCE 

The second preliminary step to exploring the relationship between X and 
Y is to define and distinguish X and Y. We can immediately identify a 
problem. The phrase 'science-and-technology' rolls so easily off  modem 
tongues that one can easily believe that they are just two slightly different 
components of a single entity. Already thirty years ago, Stover (1963) 
observed that science and technology had drawn so closely together that 
'often they cannot be distinguished' (p. xi). Rae (1961, p. 391) similarly 
noted that the distinction between science and technology is likely to be 
blurred; nevertheless, he argued that 

the distinction has to be made if we are to evaluate accurately the importance of contri- 
butions to science and technology. T-h~ two are related, but neither synonymous nor 
identical. 

One difficulty is that the terms themselves are not sharply defined. Like 
most general abstractions ( 'justice', 'democracy' etc.) the terms 'science' 
and 'technology' each mean different things to different people, even at any 
given time. Moreover, their meanings may shift over historical periods of 
time. They are also unequal in their range of connotations, with 'technology' 
and 'technologist' being broader than 'science' and 'scientist'. 

Technology 

'Technology' can refer to artefacts, physical objects; we may, for example, 
describe the latest answering machine which uses computer chips instead 
of audio-tape as 'a fine piece of technology' .  It can also refer to tech- 
niques, to the set of skills and procedures required to make an artefact; 
thus Wilkinson, the 18th century English cannon-ball maker, possessed 
accurate lathes and therefore 'had the technology' to help James Watt 
build his steam engine. If one adopts this view, the lathe-operators who made 
the cannon-balls or pistons could be regarded as technologists. Some would 
object to this interpretation and say that the person who designed and built 
the more accurate lathe was a technologist but the craftsmen who operated 
it were not. Thus a third connotation adopts a more rigorous criterion. 
Technology is more than technique: it also involves invention, design, inno- 
vation, dissemination, improvement; the technologist is a person who 
improves technology. Fourthly, there is the phrase 'technological system' 
which refers to a complex network of artefacts, processes and people. A 
telephone company, for example, may employ technologists who design and 
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build novel  products, but the running of  the entire enterprise also requires 
telephone operators, repair personnel,  accountants,  cleaners and dozens o f  
other workers  who would  not describe themselves as technologists.  Finally, 
' T e c h n o l o g y '  (with a capital  T) also refers  to a subject  area, a field o f  
specialisation, a segment  of  the school,  college or universi ty curriculum. 
Even  this small umbrella provides various shades o f  meaning: the industrial 
arts teacher offering a course on automotive repair, the science- technology-  
society teacher  d iscuss ing the env i ronmenta l  impac t  Hf logging  and the 
university scholar writing essays on the history o f  the sc ience- technology 
relationship can all legitimately claim to be interested in Technology.  

Techno logy  encompasses  the goods  and services  which  people  make  
and provide  to meet  h u m a n  needs,  and the knowledge ,  organisa t ional  
systems and processes used to develop and deliver those goods  and services. 
Technology,  according to Fores (1971), is mainly 

a synthetic process which, making use of the knowledge and general relationships of 
science (among other things) builds useful objects which are judged for their utility and 
efficiency. The technologist inevitably works in a situation in which most, if not all, exper- 
imental controls have been relaxed (p. 624). 

Technology meets human needs through a marriage of  thought  and action, 
a combina t ion  called technological capability. Techno logy  has been 
described as 

the practical method which has enabled us to raise ourselves above the animals and to 
create not only our habitats, our food supply, our comfort and our means of health, 
travel and communication, but also our arts - painting, sculpture, music and literature. 
These are the results of human capability for action. They do not come about by mere 
academic study, wishful thinking or speculation. Technology has always been called 
upon when practical solutions to problems have been called for. Technology is thus an 
essential part of human culture because it is concerned with the achievement of a wide 
range of human purposes (Black & Harrison, 1985, p. 5). 

The technological  goal o f  meeting practical needs is associated with a 
very pragmatic criterion for judging success. As Kranzberg (1963) observes, 
the technologist  asks: 

do the means effectively reach the ends? This approach, I think, is basic to the tech- 
nical act. The technologist says if it works, it's right; if it fulfills its end, it's right. This 
is the philosophical justification of the 'cut-and-try' approach of the craftsman and of 
the empirical outlook of the engineer. Many devices and techniques work satisfactorily 
without the technologist knowing how and why they work (p. 138). 

Science 

' Sc ience '  l ikewise has several connotations,  al though not  as many  as ' tech-  
no logy ' .  Like technology, it also has both process and outcome connotations. 
Thus,  scientists are ' do ing  science '  when they engage in various intellec- 
tual operat ions on selected aspects of  the world. 'Sc ience '  also refers to 
the results o f  these operations, the public knowledge systematically recorded 
in journal  articles, t ex tbooks  and encyc lopedias .  The  term ' sc ien t i s t '  is 
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not particularly problematical: it is generally accepted as referring to a 
person who adds to the corpus of scientific knowledge (or attempts to). And, 
just as with Technology, Science refers to school and university subjects 
in which teachers and learners engage. 

Varying connotations 

Neither 'science' nor ' technology' are precisely defined entities, and various 
authors use the terms in differing ways. Multhauf (1959) adopts a broad 
view of  science as any ~ystematised positive knowledge. Most writers, 
however, adopt a narrower view of science as experimental and theoret- 
ical. For example, Fores (1971) regards science as 'an analytical activity 
which seeks ultimately to describe natural phenomena in a series of  general 
relationships, normally as the result of controlled experiment' (p. 624). Such 
differences in definition inevitably lead to differing views about the nature 
of  the relationship between science and technology. 

Multhauf (1959) points out that there are dissimilarities in the scope of 
the terms: 

In modern times science carries the connotation of the advancement of knowledge, not 
merely a static description of it; the scientist is one who acts to increase it. Technology, 
on the other hand, has been commonly understood merely to describe the useful arts as 
they are at any given time. The improver of technology has not always had a generally 
accepted name, nor has its improvement been thought of as a continuing activity until 
recent times (p. 38). 

Meanings also shift across languages: Daumas (1976) points out that 
in English, the word ' technology'  embraces connotations which in French 
are covered by two words, ' technique '  (organised knowledge and skill) 
and ' technologie'  (scientific technology). Moreover, meanings shift over 
time, and one needs to be cautious and not read contemporary connota- 
tions into statements made by earlier writers. Consider, for example, the 
case of  Joseph Henry, the early 19th century US scientist who studied 
electricity and magnetism and founded the US Library of Congress. Henry, 
widely regarded as a founder of science in the US, was an advocate of  
the utilitarian view of  science. In a book review following the publication 
of Henry's  papers, Brittain (1974) warns that 'ideational statements which 
seem superficially equivalent may in essence be very different. In this 
instance the context of Henry's  discussion makes evident that his defini- 
tion of science was much broader than the one now accepted and included 
much of  what would now be regarded as technology or engineering' .  
Obviously, if 'science' is defined to include technology, any discussion of 
their relationship loses some of its point. 

A similar point can be made about the word ' technology' .  Hall (1963) 
advocates caution in using the word in pre-Industrial Revolution contexts; 
he argues that medieval technology lacked a rationale and proceeded blindly, 
the inventor working by analogy, crude and casual observation, or by sheer 
chance: 
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there was no body of knowledge nor set of substantiated theories to which the technol- 
ogist could appeal for guidance or suggestion. Even to speak of 'a technologist' in a 
pre-nineteenth century context is an anachronism, since until then a man who had both 
a practical knowledge of any one craft and a wide general knowledge, or even literacy, 
was a rare being. Craft knowledge was craft secret, and as a potential innovator the 
craftsman suffered not only from lack of familiarity with any theoretical notions that might 
be abroad, but from the teaching of an ingrained, narrow specialization that there was only 
one possible way of doing things rightly (p. 125). 

Buchanan (1963), however,  takes a different view, arguing that the core 
meaning of  the term has not changed in two millennia: 

Technology is a Greek word. Unlike many apparently similar scientific terms in modern 
languages, it is not just stolen from the Greeks and recoined to fit a scientific novelty. 
It was part of their discussion of the human arts. It meant the prescription of rules for 
the arts, and the context for it was a rich, subtle and technical discussion of all the arts 
(p. 151). 

Contrasts between science and technology 

Differing purposes. Many  writers have identif ied the major  differences 
between science and technology, by focussing upon the purposes o f  their 
activities, science being predominantly analytical, technology predominantly 
practical. For  Bunge  (1966 pp. 341-342) ,  the goa l  o f  the technologist  is 
' successful  action rather than pure knowledge ' ,  active participation in events 
rather than looking on inquisitively or burrowing diligently. Scientific pre- 
diction says 'what  will or may happen if certain circumstances obtain ' ,  while 
technological  forecast  is concerned with ' how to influence circumstances 
so that certain events may be brought  about, or prevented ' .  The technolo- 
gist makes forecasts on estimates ' o f  what the future should be like if certain 
desiderata are to be fulfilled; contrary to the pure scientist, the technolo- 
gist is hardly interested in what  would  happen anyway;  and what  for the 
scientist is just the final state of  the process becomes  for the technologist  
a valuable (or disvaluable) end to be achieved (or to be avoided) ' .  

Al though noting that the distinction between science and technology is 
not  always clear-cut, Benne & Birnbaum (1978) explain that 

The aim of the scientist is to produce tested knowledge. The aim of the engineer or 
technologist is to transform knowledge into techniques and artifacts for which there is a 
human demand. Scientists operate within the domain of knowledge. Engineers and tech- 
nologists operate within the domain of practice (p. 13). 

Scriven (1985) makes a similar distinction: science aims primari ly at 
generating ideas, explanations and understanding,  whereas ideas are just the 
beginning of  the process of  creating or improving technology.  A U N E S C O  
(1983) report explains that the scientist sets out to illuminate what  already 
exists in the natural world, whereas the technologist.tries to show how some- 
thing which never existed might be brought  into being. The report notes that 
'whi le  technology draws, often heavily, upon  scientific knowledge,  it is also 
deeply concerned with design, with considerations of  cost  and often with 
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legal and social issues as well' (p. 18). Technological capability requires 
problem-solving ability; it involves a synthesis of the ability to 'conceive 
of  a product or service, and then to design, make, use, disseminate and 
improve it' (Gardner, 1990, p. 125). 

Differing criteria of  success. Technology and science have not only dif- 
fering purposes, but also differing criteria for judging success. Skolimowsky 
(1966) adopts a Popperian view of science as the incessant replacement 
of worse theories by better ones, better meaning 'simpler, or more universal, 
or more detailed, or of greater explanatory power, or all of  these things 
together'  (p. 374). Technological progress, in contrast, manifests itself in 
the ability 'to produce more and more diversified objects with more and 
more interesting features, in a more and more efficient way'.  'Better '  objects 
are those which are '(a) more durable, or (b) more reliable, or (c) more 
sensitive (if the object's sensitivity is its essential characteristic) or (d) faster 
in performing its function (if its function has to do with speed), or (e) a 
combination of the above '  (p. 375). In addition to these five criteria, 
Skolimowsky lists two efficiency criteria: shortening the time required to 
produce the object and lowering the cost of production are also indicators 
of technological success. 

Applied science and technology. For Feibleman (1961, p. 305), pure science 
- basic research - is 'a  method of  investigating nature by the experimental 
method in an attempt to satisfy the need to know',  while applied science 
is ' the use of pure science for some practical purpose ' .  Technology, in 
contrast, 'began as the attempt to satisfy a practical need without the use 
of  science' (p. 305). Feibleman believes that in modem times the distinc- 
tion between technology and applied science has become very small, and 
comments that there has been some confusion about the distinction between 
the two: 

understandably so, for the terms have not been clearly distinguished. Primarily the dif- 
ference is one of type of approach. The applied scientist as such is concerned with the 
task of discovering applications for pure theory. The technologist has a problem which 
lies a little nearer to practice. Both applied scientist and technologist employ experi- 
ment; but in the former case guided by hypotheses deduced from theory, while in the latter 
case employing trial-and-error or skilled approaches derived from concrete experience 
(p. 310). 

Agassi (1966) notes that most philosophers of science equate applied 
science with technology, but argues that this offers too narrow a view of 
technology. Technology may draw upon applied science, but it also includes 
invention and the capacity to maintain existing apparatus under changing 
conditions. Citing H. S. Hatfield 's  The inventor and his world, Agassi 
describes applied science as 'an exercise in deduction', whereas invention 
is 'finding a needle in a haystack'. He distinguishes the two with an anecdote 
about Thomas Edison's proposal to introduce electrical street lighting. His 
idea of using high voltage supply and high resistance wires was a techno- 
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logical invention, whereas the contribution made by his applied physicist, 
E Upton, who calculated the quantities of  copper wire needed by using 
Ohm's Law exemplified applied science. 

Bunge (1966) defends the view that technology is virtually synony- 
mous with applied science but qualifies that view by distinguishing between 
substantive and operative technological theories. The former are concerned 
with the construction and operation of artefacts, while the latter are about 
the interaction of systems of people and machines. Thus a theory of the 
design of aircraft wings is substantive, while a theory of airline manage- 
ment is operative. The former requires the services of applied scientists 
and engineers, while the latter can successfully employ mathematicians 
and logicians with little substantive technological knowledge. 

A dissent from the 'demarcationist' view 

Not all writers agree with these attempts to distinguish between science 
and technology. Pinch (1988, p. 72), a British sociologist with a scientific 
background, warns against taking the d~stinctions too far. He notes that 
the demarcation criteria usually consider science as 'associated with the 
pursuit of and production of a coherent, rational codified body of knowl- 
edge, or at least a set of methods or procedures whereby such knowledge 
might be obtained, while technology is associated with providing artefacts 
which are useful to humankind'.  Because of this overriding concern with 
usefulness, technology is seen as 'a  diffuse body o f  knowledge and prac- 
tices, more akin to the art of  the practical craftsman than to the highly 
codified and articulated bodies of  knowledge to be found in the sciences' 
Pinch, however, regards this distinction as inadequate, arguing that it rests 
on an 'over-idealised version of the nature of science', and an over-emphasis 
on the association of science with theory and knowledge. Some of the 
claimed differences between science and technology might dissolve if  
more attention were given to their practical activities. Science and tech- 
nology both depend upon instrumentation and bodies of practices: 

Would a walk around an engineering laboratory at Rolls Royce and a walk around the 
CERN Interacting Storage Rings be so different in terms of the types of activities we 
see? I suggest not (p. 74). 

Scientific experiments,  especially at the research frontiers are often 
'messy' ;  apparatus may not work as expected; scientists have to 'exhibit 
much craft skill in obtaining a signal out of the noise' (p. 76). Scientists 
engage in ' t inkering'  and make heavy use of 'tacit and craft practices ' ,  
just as technologists do. Science is also epistemologically 'messy ' ,  its 
development depending more upon localised socio-historical conditions 
than upon any universal rules of rationality. It is just as heterogeneous as 
technology. 
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Design 

Perhaps the most distinctive characteristic of technology is its concern 
with design. (To which Pinch might reply, scientific experiments have to 
be designed, too.) As Friedel (1991) points out, 'everything that is made 
is des igned . . ,  every design requires a choice of mater ia ls . . ,  every such 
choice is the result of technical, social, economic and aesthetic values' 
(p. 134). Edwin Layton (1974) argues that technological innovation requires 
reasoned thought in the design process, and notes the similarity with 
Aristotle who in his Nicomachean Ethics had described the useful arts as 
requiring the 'reasoned state of capacity to make'. Design, says Layton, 
is a human attribute 

which may be expressed in an object but which is not identical with the object itself. 
At the outset, design is an adaptation of  means to some preconceived end. This I take 
to be the central purpose of technology. The first stages of  design involve a conception 
in a person's  mind which, by degrees, is translated into a detailed plan or design. But it 
is only in the last stages, in drafting the blueprints, that design can be reduced to tech- 
nique. And it is still later that design is manifested in tools and things made. Design 
involves a structure or pattem, a particular combination of details or component parts, 
and it is precisely the gestalt or pattern that is of  the essence for the designer (p. 37). 

Lubar (1987), in an essay on the invention of the first pin-making 
machine, observes that the art of design consists in part of playing with 
shapes and motions and combining three-dimensional images. He discusses 
the role of non-verbal thought in technology. Part of the training of a 
designer or engineer, writes Lubar, 

is the formation of  a library of  successful solutions that can be applied to solve new 
problems. For the mechanical engineer, these include shapes, mechanical motions, outlines 
of power transmission systems, and material preferences. These templates are the elements 
of  technological style (p. 260). 

For Ferguson (1992), the ability to design is a crucial and distinctive 
requirement for a technologist. This involves visual, non-verbal thinking. 
He points out that many objects in daily use 

have clearly been influenced by science, but their form, dimensions,  and appearance 
were determined by technologists - artisans, engineers,  and inventors - using non- 
scientific modes of thought. Carving knives, bridges, clocks, and aircraft are as they are 
because over the years their designers and makers have established their shapes, styles, 
and textures. 

Many features and qualities of  the objects that a technologist thinks about cannot be 
reduced to unambiguous verbal descriptions; therefore, they are dealt with in the mind 
by a visual, non-verbal process. The mind 's  eye is a well-developed organ that not only 
reviews the contents of a visual memory but also forms such new or modified images 
as the mind 's  thoughts require . . . .  The engineering designer, who brings together elements 
in new combinations, is able to assemble and manipulate in his or her mind devices that 
as yet do not exist . . . .  Pyramids, cathedrals, and rockets exist not because of geometry, 
theory of  structures, or thermodynamics, but because they were first pictures - literally 
visions - in the minds of those who conceived them (p. xi). 
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Vincenti (1990), an historian of  aeronautical engineering, acknowledges  
the influence of  Layton and agrees that the characteristic that distinguishes 
technology f rom science is its concern  with design, which denotes 

both the content of a set of plans (as in "the design for a new airplane") and the process 
by which those plans are produced. In the latter meaning, it typically involves tentative 
layout (or layouts) of the arrangement and dimensions of the artifice, checking of the 
candidate device by mathematical analysis or experimental test to see if does the required 
job, and modification when (as commonly happens at first) it does not. Such procedure 
usually requires several iterations before finally dimensioned plans can be released for 
production. Events in the doing are also more complicated than such a brief outline 
suggests. Numerous difficult trade-offs may be required, calling for decisions on the 
basis of incomplete or uncertain knowledge. If available knowledge is inadequate, special 
research may have to be undertaken. The process is a complicated and fascinating one that 
needs more historical analysis than it has received (p. 7). 

Vincenti goes on to describe the process of  design as multi-level and hier- 
archical ,  involv ing  project definition (the t ranslat ion o f  some usual ly  
ill-defined requirement into a concrete technical problem), overall design 
(the layout o f  arrangement and proport ions of  the artifice to meet  the project  
definition), major-component design, and the design of  increasingly specific 
components. For Vincenti, design is the sine qua non of  the profession of  
engineering:  he regards all engineers  as technologists ,  and dis t inguishes 
the two by defining engineer ing as primarily concerned with design, i.e. 
devising,  organising,  p lanning.  Technology,  the broader  term, embraces  
'all aspects of  design, product ion and operation o f  an artifice' (p. 14). 

E. Layton  (1974) distinguishes science and technology as communit ies  
of  people who value differing goals, a point we will elaborate much later 
in this essay. The laws of  science, Layton  writes, 

refer to nature and the rules of technology refer to human artifice. The function of tech- 
nological rules is to provide a rational basis for design, not to enable man to understand 
the universe. The difference is not just one of ideas but of values; "knowing" and "doing" 
reflect the fundamentally different goals of the communities of science and technology. 
The thought that embodies the values of technology will relate to active and purposive 
adaptation of means to some human end, that is, it will relate to design (p. 40). 

An  illustration o f  these differ ing concerns  can be seen in an episode  
recorded in H o m e ' s  (1988) study of  Australian science during the Second 
World War. The Austra l ian army, defending New Guinea  against  the 
Japanese, experienced a problem that affected binoculars and other optical 
instruments: the rapid growth in the tropical condit ions o f  fungus  on the 
glass surfaces.  Af ter  months  o f  labora tory  invest igat ion,  Melbourne  
University recommended  treating the inner metallic surfaces with a lacquer 
conta in ing merthiosal .  The professor  o f  b iochemis t ry ,  V. M. Trikojus,  
stressed ' that  it was still not  known how it acted, that is, whether it killed 
the spores or merely  prevented them from germinat ing ' .  Predictably,  the 
Army  was 'no t  part icularly interested at the momen t  whether  the germi- 
cide would  remain affect ive [sic] for  weeks  or for  months  so long as it 
caused an improvement  on present condit ions '  (p. 241). 
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AN EPISTEMOLOGICAL ANALYSIS 

The technology-as-applied-science position 

As mentioned earlier, the relationship between science and technology can 
be examined from a variety of  philosophical vantage points. The central 
concern of this essay is with the epistemological question of how knowl- 
edge in one field influences knowledge in the other. One commonly-held 
view of  the nature of  the relationship can be called the technology-as-  
applied-science (TAS) position, the idea that technological  innovations 
can be seen as the application and practical embodiment  of  ideas first gained 
through scientific research. In simple terms, science leads, technology 
follows. According to Ihde (1983a), this view of technology as applied 
science is the standard and dominant theory of the relationship between tech- 
nology and science. Drucker (1961) comments  that most historians, if they 
consider the technological revolution of the previous two centuries at all, 
tend to dismiss technology as ' the  bastard child of  sc ience '  (p. 349), a 
blunt phrase which accurately indicates that the issue has emotional over- 
tones. The TAS view is often embodied in a linear causal model, which 
posits that science generates technology, and that technology in turn 
generates effects. I f  the effects are regarded as desirable (e.g. national 
prosperity), the model is used to argue for more scientific research in order 
to promote technological benefits. If, however, the effects are undesirable 
(environmental  pollution), science may be blamed for its technological  
consequences. 

The TAS view has distinguished intellectual ancestry; the English 
philosopher Francis Bacon (1561-1626) was a powerful  advocate of  the 
view that technology ought to be based on science. Bacon argued that the 
purpose of scientific understanding was to achieve the capacity to act: 
'The true and lawful goal of  science is that human life be endowed with 
new powers and inventions '  (Stover, 1963, p. xi). Vickers (1987), in an 
editorial introduction to a collection of papers by early 17th century English 
scientists, points out that Bacon ' s  agenda was to replace Aristotelian 
approaches to science, with its excessive emphasis on verbal logic, texts 
and commentaries,  with careful observation and experiment on all aspects 
of nature. 

In the Novum Organum (1620), a systematic outline of  the 'new instru- 
ment '  of  scientific method, Bacon was perhaps the earliest proponent of 
the TAS position: 

For man is but the servant and interpreter of Nature: what he does and what he 
knows is only what he has observed of Nature's order in fact or in thought; beyond 
this he knows nothing and can do nothing. For the chain of causes cannot by any 
force be loosed or broken, nor can Nature be commanded except by being obeyed. 
And so those twin objects, human Knowledge and human Power, do really meet in 
one; and it is from ignorance of causes that operation fails (quoted in Klemm, 1959, 
pp. 173-174). 
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Thus, according to Bacon, technological  knowledge should grow out 
of  knowledge of the properties and processes of  nature. Useful inventions 
such as the magnetic compass and gunpowder were examples of  how knowl- 
edge of nature could increase human control over nature. Vickers (1987) 
argues that Bacon's  whole system was directed towards producing socially 
useful inventions and processes. I f  the mind could enter into a true relation 
with the universe, then (said Bacon) ' there may spring helps to man, and 
a line and race of  inventions that may in some degree subdue and overcome 
the necessities and miseries of  humanity '  (p. 2). In the Utopian fable, New 
Atlantis (1624), epistemology was imbued with theology: through the appli- 
cation of science, an earthly paradise could be achieved and people would 
thereby be brought closer to God. Bacon envisaged a massive scientific 
research institute, in which people of  ordinary ability would be trained to 
perform specific tasks in order to contribute to the task of benefiting society 
at large. 

A normative position is not, however,  the same as an epistemological 
argument. Cardwell  (1979) comments  that Bacon was 'unable  to show 
how his science related to technology, by what formal  means the scien- 
tific knowledge gained by his method could be applied systematically to 
invention. And that, perhaps, is a problem that is still with us, even though 
we may not accept Bacon's  scientific methodology. '  (p. 6) 

Bacon ' s  view was not so much that technology was applied science, 
but that it ought to be: he was advocating that more attention should be 
given to science, because of the technological and societal benefits that 
would flow. His influential v i e w s  helped to create a climate in which 
scientific ways of thinking were used in a wider variety of settings than ever 
before. Many scientists nevertheless continued to work on exactly the 
same kinds of problems as they had before. Hall (1963) observes that 

seventeenth century scientists were not misled by their own fairly consistent propaganda 
in favor of the public support of science on the ground of its usefulness. Rather they worked 
toward the solution of traditional problems of planetary motion and the structure of the 
universe, the motions of bodies and chemical combination, physiology and embryology 
and so forth, so that when we speak of seventeenth century mechanics we mean not a 
theory of machines but a mathematical science of motion (p. 129). 

Two centuries after Bacon, Jacob Bigelow, in his Elements of Technology, 
published in Boston in 1831, echoed the Baconian view, arguing that the 
arts (meaning technological accomplishments) 

have been the arts of science, built up from an acquaintance with principles, and with 
the relations of cause and ef fec t . . ,  we have acquired a dominion over the physical 
and moral world, which nothing but the aid of philosophy could have enabled us to 
establish (quoted by E. Layton 1971, p. 563). 

Bigelow concluded that ' the application of philosophy to the arts may 
be said to have made the world what it is at the present day ' .  Layton,  
however,  comments  that nearly all the inventions that Bigelow enumer- 
ated to illustrate his point (e.g. the printing press, glass manufacture, the 
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cotton gin, textile machinery) had been devised with little discernible con- 
tribution from science. 

Some early US scientists held views consonant with those of Bigelow. 
Reingold (1972, p. xxvi), in an editorial introduction to the Joseph Henry 
papers, describes the milieu of the scientific and educational institutions 
in Albany, New York, where Henry was educated. These institutions 

assumed the utility of scientific knowledge, and they strove continually for a merger of 
theory and practice. Conveying the essence of this ideology, Stephen Van Rensselaer 
told the Albany County Agricultural Society [in 1819] that "Farmers are prejudiced in 
favor of their own ideas of agricultural subjects, and are unwilling to allow that much 
improvement can be made in the present mode of pursuing the art. This is a mistaken idea; 
much may be learned from those who are not practical men, but who make experiments 
for their amusement; and still more from scientific individuals, who have attended to 
the nature of soils. . ." 

Reingold argues that although Henry was devoted to pure scientific 
research, he also supported the use of theory for utilitarian ends; his views 
were 'not merely local but stem from attitudes widely diffused in both the 
United States and Europe' .  

The writings of the world 's  most distinguished inventor can even be 
drawn upon to illustrate the TAS position. In an 1868 article, Thomas Edison 
wrote that a 'well-known law of m a g n e t i s m . . ,  may be taken advantage 
of  in the construction of a self-adjusting relay magnet'  (Jenkins et al., 1989, 
p. 76). 

On the other side of the Atlantic, the TAS position underpinned the estab- 
lishment of organisations such as the Royal Institution and the British 
Association for the Advancement  of Science, which sought to apply 
scientific knowledge to the world of practical affairs. 

In this century, the idea that pure science is the source of technological 
innovation has had some powerful and distinguished advocates. Vannevar 
Bush, an advisor to the US President on science policy in the 1940s, offered 
the classic utilitarian argument for funding pure science, namely that 

basic research leads to new knowledge . . .  It creates the fund from which the practical 
applications of knowledge must be drawn. New products and new processes do not 
appear full-grown. They are founded on new principles and new conceptions, which in 
turn are painstakingly developed by research in the purest realms of science (Bush, 1945, 
pp. 13-14). 

In 1968, a UK government publication, Technological Innovation in 
Britain, argued that the justification for basic research was that it 'consti- 
tutes the fount of all new knowledge, without which the opportunities for 
further technical progress must eventually become exhausted' (cited in E. 
Layton, 1974). The same position underlies the views of Professor Eric 
Rogers, quoted earlier. 

The TAS view is persistently and widely held, and one can find it firmly 
entrenched in dictionaries, curriculum guides and instructional materials. 
Webster's Dictionary, for instance, offers as one of the definitions of tech- 
nology, 'Any practical art utilizing scientific knowledge, as horticulture 
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or medicine; applied science contrasted with pure science.' A UNESCO 
report (1977) notes that in industrialized countries, scientific research, its 
methods and outcomes 

are tangible realities for the majority of citizens; everyone knows that many of the 
sophisticated objects used in daily life turn to account the applications of scientific dis- 
coveries and that the level of general well-being and security enjoyed in respect of 
health, living conditions and leisure activities is the result of countless scientific activi- 
ties which are constantly being developed along new lines (p. 105). 

In a report by the Technology Education Advisory Council in the US 
(TEAC, 1988), the chairman, W. B. Waetjen, notes in his foreword that 
'Technology has been described in many ways. But most definitions concur 
that technology is the application of math and science for specific purposes 
�9  to make our lives better, more productive or more enjoyable.' (However, 
he follows this up by observing that technology 'has also been described 
as the use of knowledge, tools and skills to increase our potential, to solve 
problems, to modify our world', a description which does not limit tech- 
nology to the application of mathematics and science.) 

Not surprisingly, the TAS view can frequently be found in school science 
curriculum statements and texts. A British text for junior secondary Craft, 
Design and Technology (Breckon & Prest, 1983, p. 46) defines technology 
as 'the application of scientific knowledge to the solution of human 
problems', and a curriculum guide for science teachers (Holman, 1986, p. 
23) defines technology as 'the enabling process by which science is applied 
to satisfy our needs'. In 1984, the Science Council of Canada collated infor- 
mation about the major stated goals of science education in the various 
Canadian provinces. One item in the list, referring to applied science/ 
technology, stated that students should 'understand how science is used in 
industry, medicine, communications, transportation, computers, household 
appliances and other technological fields' (MacKeracher & Jantzi, 1985, 
p. 139). One of the stated goals of a Year 11 Science and Technology course 
in British Columbia is that students should be able to 'understand that 
technology is an application of the concepts and principles of science' 
(Ministry of Education, 1986). A US report which argued persuasively for 
the importance of raising the level of understanding of science, technology 
and society issues (Patrick & Remy, 1985) explained that 

Science is the pursuit of principles and theories that explain and predict phenomena. By 
contrast, technology is the search for means to use scientific formulations to devise 
implements for the control of nature (p. 7). 

In school science textbooks, one commonly finds technological arte- 
facts presented in school science texts as illustrations of scientific principles 
(Gardner, 1990). The blast furnace exemplifies reduction/oxidation reac- 
tions, the telescope, the laws of refraction and the electric bell, the laws 
of electromagnetism. 
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Support for the TAS position 

Historical examples. Obviously, the TAS position has some validity, in that 
numerous cases can be found of scientific knowledge that has preceded, and 
causally led to, a later technological innovation. Eyeglasses, introduced 
around 1286 (and certainly by 1290), were probably developed as a 
consequence of Roger Bacon's optical experiments some years earlier 
(Drucker, 1961, p. 343). In 1750, after numerous observations and exper- 
iments, Benjamin Franklin proposed that buildings could be protected 
from lightning strikes by topping them with a pointed, earthed conducting 
rod. Kryzhanovsky (1990) remarks that the 'installation of the first light- 
ning rod two years later marked the premier application of electrical science' 
(p. 813). 

These examples from pre-modem times are actually quite rare; it is cer- 
tainly easier to find modem examples. It is inconceivable that the wireless 
telegraph could have been developed without Hertz's experimental confir- 
mation of Maxwell's electromagnetic wave theory, or the atomic bomb 
without the preceding fifty years of research on atomic and nuclear physics. 
Many fields of modem technology - genetic engineering, micro-electronics 
- obviously rest upon a base of earlier scientific research. 

Philosophical defences. Some writers have constructed philosophical 
defences of the TAS view. For example, Multhauf (1959) adopts a broad 
definition of science as systematised positive knowledge, which he then uses 
to argue that science precedes technology. In early civilisations, the only 
archaeological evidence available is technological; science, 'being more 
dependent on the written word, has left no evidence of comparable antiq- 
uity' (p. 39). Multhauf's argument is essentially tautological: every artefact 
is simply assumed to result from some form of prior knowledge, and that 
knowledge is labelled 'science'. 

Bunge (1966) presents a sophisticated defence of the proposition that 
'technology' is virtually synonymous with 'applied science', although he 
makes clear that his definition of technology excludes pre-scientific arts and 
crafts, and includes non-physical science disciplines such as mathematics, 
logic and operations research. His paper offers a deep philosophical analysis 
of the relationship between scientific theory and technological action. His 
approach is very different to those who take the equivalence of technology 
and applied science as an unexplored self-evident truth. It will be seen 
that both Multhauf and Bunge base their arguments on semantics, with 
Multhauf adopting a broad definition of what counts as science, while Bunge 
espouses an idiosyncratic definition of what counts as technology. 
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A CRITICAL REVIEW OF THE TAS POSITION 

Revision of the TAS position 

However, a few historical cases and philosophical arguments do not con- 
stitute a compelling defence of the TAS position. The roots of the challenge 
to the position go back for more than half a century, although most of the 
scholarly work in the field has been done during the past three decades. 
There is, today, widespread consensus among historians and philosophers 
of science and technology that the TAS position is unsupportable (but this 
does not of course prevent large numbers of other people from still believing 
in it!) 

The purpose of this section of the essay is to identify some of the indi- 
viduals and organisations who mounted arguments against the position. (The 
arguments themselves will be presented later.) The earliest challenges were 
European. In 1935, in a special issue of Annales d'histoire dconomique et 
sociale, Lucien Febvre had, according to Daumas (1976), outlined the goals 
of history of technology as including the evaluation of 'the role of science 
in technical invention and the place of technical invention in the body of 
scientific fact'. We can see in this phrase an openness to the possibility 
of a two-way relationship between technology and science. 

Soon after the second world war, another French scholar was among 
the earliest to challenge the TAS position. According to Edwin Layton 
(1974), Alexandre Koyr6 (1948) was among the first to criticise the tradi- 
tional view of the science-technology relationship. His essay ('Du monde 
de l'h peu pr6s h l'univers de la pr6cision') proposed that technology was 
an independent system of thought, different from science. He held that 
'the technical thought of common-sense does not depend on scientific 
thought of which it can nevertheless absorb the elements, incorporating them 
into common sense'. (Although Layton generally agreed with Koyr6's views, 
he was critical of his characterisation of technical thought as common- 
sense.) 

Soon afterwards, the renowned German phenomenologist Martin 
Heidegger also mounted an attack on the dominant view. Ihde (1991) notes 
that during the 1950s, Heidegger had proposed a radical inversion of 
the science-technology relationship. Heidegger had observed that the 
extensive use by modern technology of the concepts of exact physical 
science had led to the deceptive illusion that modem technology is applied 
science. 

Historical challenges 

Critical challenges to the TAS view began to emerge on the other side of 
the Atlantic at about this time. The earliest American challenges were pre- 
dominantly on historical grounds; another two decades would elapse before 
the philosophical writings of the European phenomenologists would influ- 
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ence the writings of American philosophers of technology. In the mid-1950s, 
the American Society for Engineering Education obtained a grant from 
the Carnegie Corporation of New York for a Humanistic-Social Research 
Project which would conduct a survey of the extent to which the history 
of technology was being studied in engineering curricula. In 1956, the 
project issued a report (General Education in Engineering) pointing out 
the importance of such a study for engineering education and recommending 
that it be encouraged. A special committee, headed by Dr Melvin Kranzberg 
was appointed to implement this recommendation. The committee soon dis- 
covered that there was no organization or publication specifically devoted 
to the study of the history of technology. In June 1957, a preliminary meeting 
was held at Cornell University to establish such an organization, and in 
January 1958, the Case Institute of Technology sponsored a meeting in 
Cleveland, Ohio, at which it was decided to establish the Society for the 
History of Technology (SHOT). 

Its quarterly journal, Technology and Culture, began publication the 
following year, with Kranzberg as its editor-in-chief. In the opening paper 
in its first issue, he noted that despite the tremendous and acknowledged 
significance of technology, 

it is curious that in twentieth century United States, one of the most technologically minded 
of all nations in history, there has been no organized group nor scholarly periodical specif- 
ically devoted to the study of technology as a human activity and of its relation to other 
concerns (Kranzberg, 1959). 

Many papers in its second volume, published in 1961, were historical 
studies of specific technological areas in which the authors challenged the 
conventional wisdom of the TAS view. A year later, Lynn White Jr, the pres- 
ident of the society, opened his major essay on the history of technology 
with a withering blast: 

The rapidly growing literature on the nature of technological innovation and its relation 
to other activities is largely rubbish because so few of the relevant concrete facts have 
thus far been ascertained (White, 1962a, p. 486). 

In the same year, White published a seminal book (1962b) which rebutted 
the widely-held view that the medieval period was an intellectual dark 
age, a position often taken by those who seek to explain the rise of modern 
technology as an outgrowth of Renaissance science. 

Also in 1962, the Encyclopaedia Brittanica, in cooperation with the 
Center for the Study of Democratic Institutions, held a conference in Santa 
Barbara on 'The Technological Order'; the conference papers were pub- 
lished in Technology and Culture (Issue 4, 1962) and later reprinted as a 
book (Stover, 1963); science/technology relationships were among the topics 
discussed. Three years later, the journal devoted a whole issue to the 
science/technology relationship; the papers included an influential article 
by Derek de Solla Price (1965) ('Is technology historically independent 
of science? A study in statistical historiography') which argued that the 
two fields had developed largely independently, with only occasional con- 
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tributions from science to technology, usually with a long time gap, i.e. 
the science was 'old science'. 

In December 1965, SHOT organised a program at its eighth annual 
meeting on the theme, 'Toward a Philosophy of Technology'; papers and 
comments were published in Technology and Culture the following year. 
One of the contributors (Skolimowsky, 1966) attacked the TAS position 
unequivocally. He noted that it was the business of epistemology 'to inves- 
tigate the peculiarities of technology and its relation to other forms of human 
knowledge', especially its relation to science, and went on to argue '(1) 
[that] it is erroneous to consider technology as being an applied science, 
(2) that technology is not science, (3) that the difference between science 
and technology can best be grasped by examining the idea of scientific 
progress and the idea of technological o ' pro~,ress (p. 372). 

The approach of the journal, with its emphasis on the history of those 
ideas which underpin the development of artefacts, stimulated numerous 
writers to explore the history and philosophy of particular technological 
fields. For example, between 1979 and 1986, Walter Vincenti (currently pro- 
fessor emeritus of aeronautical engineering at Stanford University) published 
several studies of the evolution of aspects of aircraft design which have been 
adapted to form the core of a recent book on the epistemology of engineering 
(Vincenti, 1990). 

At the same time as SHOT and its journal were becoming established, 
other academic institutions began to organise symposia on the topic. In 1966, 
a conference was organised by the M.I.T. Center for Space Research on 'The 
Human Factor in the Transfer of Technology'. Most of the papers dealt with 
the science-technology relationship; as the editors' introduction to the con- 
ference report (Gruber & Marquis, 1969) makes clear, science and 
technology were seen to have a two-way relationship, with both science and 
technology affecting the utilisation of technological products. In 1967, a 
symposium at the dedication of the University of Illinois Coordinated Space 
Laboratory explored the relationship between technology and science. The 
contributors to the published report (Compton, 1969) took the view that 
in modern times, science had begun to interact directly with technology, 
mostly in institutions of applied science. 

In 1976, a London-based annual review, History of Technology, began 
publication, with papers similar in scope to those in Technology and Culture. 
One author (Daumas, 1976) actually blamed past historians of science for 
propagating the TAS view: 

During the past thirty years historians of science have made a valuable contribution to 
the history of recent technology. This relates to the techniques whose development (or 
evolution) is directly dependent upon their scientific content. But one must affirm that 
the historiography of science has been of little use to the history of technology so far as 
earlier periods are concerned, that is up to the middle of the nineteenth century, if it 
has not actually been damaging. It has instead given credit to the widespread notion, which 
is false, that the progress of technology has always throughout the centuries been directed 
by that of science (p. 92). 
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Philosophical challenges 

In the United States, organised academic effort in the area of  the philos- 
ophy of technology followed the historical work by some years. Ihde (1991) 
acknowledges the 19th century European roots of  this sub-discipline, and 
records the use of  the term 'phi losophy of technology '  in an 1877 book 
by Ernst Kapp. Almost  ninety years were to elapse before SHOT organ- 
ised the symposium on this topic (mentioned earlier). One of the contributors 
(Bunge, 1966), in a paper simply titled 'Technology as applied science' ,  did 
not mount a radical attack on the TAS view, but he did explore the issue 
of the relationship in considerable depth. He noted that research into the 
philosophy of technology at that time was 'nearly non-existent '  and listed 
the major issues to be examined: 

the nature of technological knowledge, the alleged validating power of action, the relation 
of technological knowledge to scientific law, and the effects of technological forecast 
on human behavior. These problems have been neglected by most philosophers, probably 
because the peculiarities of modem technology, and particularly the differences between 
it and pure science, are realized infrequently and cannot be realized as tong as technologies 
are mistaken for crafts and regarded as theory-free (p. 329). 

A principal reason for the neglect of  the philosophy of technology in 
Anglo-American cultures is that our conceptions about the nature of science 
have been strongly shaped by the dominant logical-positivist and analytic 
philosophies which, in the words of  Ihde (1991) have 

conceived of science as a body of propositions, a conceptual, rational system, essen- 
tially disembodied from both social and material connections. This perspective views 
science as essentially a system of concepts and logical connections motivated by both 
explicit and implicit rational processes (p. 7). 

This ideal and abstract view of science leads to a view of technology 
as philosophically uninteresting. Ihde argues that this is a natural outcome 
of an approach which views philosophy 'as  an almost exclusively logical 
and linguistic exercise'  (p. 10). Such a view pays no attention to the history 
of science; it is also ' a  science without perception and a science without 
technology' (p. 7). 

During the past two decades, the neglect of  the philosophy of technology 
has begun to be redressed. In the 1970s, a series of  conferences was organ- 
ised which culminated in the establishment of  the Society for Philosophy 
and Technology in 1983, almost half a century after the formation of  the 
parallel Phi losophy of  Science Association. Phenomenological  analyses 
of  technology and science, of  which the writings by Ihde (1979, 1983, 1991) 
are among the most prominent, have contributed to a substantial revision 
of scholarly views on the nature of  the technology/science relationship. 
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The persistence of the TAS view 

Al though  decades  have passed  since the first  cr i t ical  rev iews  o f  the nature  
of  the sc ience / technology  re la t ionship ,  the TAS view cont inues  to domina te  
many  p e o p l e ' s  thoughts  about  technology.  The  open ing  words  o f  Vincen t i ' s  
recent  book  (1990) on the nature o f  eng ineer ing  knowledge  c lea r ly  r ecog-  
nise its pers is tence:  

Engineering knowledge, though pursued at great effort and expense in schools of engi- 
neering, receives little attention from scholars in other disciplines. Most such people, when 
they pay heed to engineering at all, tend to think of it as applied science. Modem engi- 
neers are seen as taking their knowledge from scientists and, by some occasionally dramatic 
but probably intellectually uninteresting process, using this knowledge to fashion material 
artefacts. From this point of view, studying the epistemology of science should auto- 
matically subsume the knowledge content of engineering. Engineers know from experience 
that this view is untrue, and in recent decades historians of technology have produced 
narrative and analytical evidence in the same direction. Since engineers tend not to be 
introspective, however, and philosophers and historians (with certain exceptions) have 
been limited in their technical expertise, the character of engineering knowledge as an 
epistemological species is only now being examined in detail (p. 3). 

Vincenti  goes  on to argue that  t echno logy  is a form of  thought  which  

though different in its specifics, resembles scientific thought in being creative and con- 
structive; it is not simply routine and deductive as assumed in the applied-science model. 
In this newer view, technology, though it may apply science, is not the same as or 
entirely applied science (p. 4). 

The  v iew that the k n o w l e d g e  content  o f  t echno logy  comes  f rom sc ience  

immediately defines the science-technology relation - technology is hierarchically sub- 
ordinate to science, serving only to deduce the implications of scientific discoveries and 
give them practical application. This relation is summarized in the discredited statement 
that "technology is applied science". Such a hierarchical model leaves nothing basic to 
be discussed about the nature of the relationship. A model with such rigidity is bound 
to have difficulty fitting the complex historical record (p. 5). 

Vincenti  reached this pos i t ion  on the basis  of  his l i fe long i nvo lvemen t  in 
the f ie ld  of  aeronaut ica l  engineer ing.  Much  of  the r ema inde r  o f  the presen t  
essay  is an a t tempt  to i l lustrate  that  the TAS pos i t ion  p rov ides  an equa l ly  
unsuppor tab le  descr ip t ion  o f  sc ience / technology  re la t ionships  in other  sub- 
s tant ive f ields.  

ARGUMENTS AGAINST THE TAS POSITION 

There  are two majo r  l ines  of  a rgument  agains t  the TAS view. The  f irst  is 
h is tor ica l :  its centra l  thrus t  is that  t e chno lo gy  has  d e v e l o p e d  th roughou t  
the ages  la rge ly  wi thout  the benef i t  of  sc ient i f ic  knowledge ;  often,  when  
there has been  a l ink be tween  technologica l  capabi l i ty  and scient i f ic  knowl -  
edge,  the t echnology  has preceded the science.  The  second  is on to logica l ;  
its central  thesis  is that  t echno log ica l  capab i l i ty  is a necessary precursor 
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to scientif ic conceptua l i sa t ion ,  that thought  is a consequence  o f  praxis.  
Let  us examine these two arguments  in turn. 

Unsound history 

The first and most  obvious rejoinder to the TAS posit ion is that it is his- 
torically unsound. Al though cases can be found of  technological  innovations 
which utilise scientific knowledge  (more f requent ly  in recent  times than 
in earlier t imes),  as a general isat ion it is s imply  untrue that t echno logy  
has resulted from the application o f  scientific principles. It provides an inac- 
curate account  o f  the birth o f  science in ancient  Greece,  and is equal ly  
inaccurate as an account  o f  subsequent sc ience/ technology relationships. 

Buchanan  (1963) mounts  a case for the oppos ing  view, that science in 
ancient Greek times sprang f rom technology.  He argues that the scientific 
dist inct ion between matter and form originated in the Greek analysis o f  
the arts. There were many legends 

in which the gods were said to have taught men the arts and still presided over the practice. 
All the wonder was finally precipitated in the doctrine of the four causes, first applied 
to the arts and then to nature. The causes of any end product were first in the matter 
which could be fashioned or formed; then in the form in the artist's mind which could 
be impressed on the matter; third in the hands, tools, skills, and energies of the agent- 
artist; and finally in the end itself, the product, which ruled over all the other causes in 
the making. These were the four causes, material, formal, efficient, and final. 

The recognition that the artist was imitating nature almost forced a reversal of the 
insight. The four causes also operate in nature so that their discovery and formulation 
make science. Art or technology thus becomes the midwife of science, If you want to 
understand something, make a similar object or artifact; then impute that artistic process 
of making to nature. We are not far from this in our current use of models in science 
(p. 153). 

The TAS view also provides  an unsound  account  o f  the nature of  the 
sc ience / t echno logy  relat ionship for  mos t  o f  subsequent  history. M c G e e  
(1989, p. 28) points out that ' the applied science model  fails to account  
for technical innovations made in classical or medieval  times when the com-  
munities o f  science and technology were distinct, and the opportunity for 
c o m m u n i c a t i o n  be tween them did not  exis t ' .  For  example,  people  were 
extracting iron thousands of  years before the chemist ry  o f  redox reactions 
was understood. As Hall (1961) notes, it was a practical  man, not a chemist,  
who early in the 18th century took the first steps to make the coal-smelt ing 
o f  coarse iron possible. Reaumur ' s  scientific study, in 1722, of  the smelting 
o f  iron fol lowed the technological  innovat ion by many  years (Hall, 1963). 
Before  the mid-19th century, ' there was no useful body  of  chemical  theory 
f rom which  useful  consequences  cou ld  be d rawn to benefi t  me ta l lu rgy '  
(Hall, 1961, p. 335). Smith (1961), in an essay on the his tory o f  metal-  
lurgy, makes  a similar point:  in the smelt ing o f  iron ' charcoa l  was used 
for fuel and reductant long before the chemical  and physical  nature o f  its 
effect was understood, or even the chemical  role o f  air suspected '  (p. 365). 
The cannon ball (actually invented before the cannon!)  was used as early 



144 PAUL L. GARDNER 

as 1244 in England:  mi l i t a ry  eng ineers  had recogn i sed  that s tones thrown 
f rom ca tapul t s  aga ins t  e n e m y  fo r t i f i ca t ions  w o u l d  fo l l ow  more  un i fo rm  
paths,  and therefore  could  be a imed  more  accurately,  if  they were  cut  to a 
un i form weight  and shape (Whi te ,  1962a, p. 495). Centur ies  wou ld  e lapse  
be fore  p ro jec t i l e  m o t i o n  was  m a t h e m a t i c a l l y  ana lysed  (by Ga l i l eo ) ,  and 
the phys ics  o f  air  res i s tance  was formula ted .  Edwin  Lay ton  (1977) noted  
that F rank l in ' s  l igh tn ing  rod  was  an excep t iona l  deve lopmen t ,  one o f  the 
few e x a m p l e s  at the t ime  o f  a sc ien t i f i c  d i s c o v e r y  l e a d ing  d i r ec t l y  to a 
t echno log ica l  innova t ion ;  mos t  i nven t ions  p r io r  to that  t ime were  b a s e d  
' a lmos t  whol ly  on the empi r i ca l  ;insights o f  craf tsmen,  with no d i scern ib le  
scient i f ic  input '  (p. 208). 

Severa l  papers  appea red  in the 1960s arguing that sc ient i f ic  inqui ry  and 
the invent ion of  things and p rocesses  have  been  pursued  more  or  less  inde-  
penden t ly  through mos t  o f  c iv i l i sa t ion .  For  example ,  F inch  (1961) no ted  
that numerous  major  invent ions  

from arch and truss bridges to steam engines, steamboats, and locomotives, from water 
wheels and the canal lock to the motor car and airplane, as well as many chemical and 
metallurgical processes and techniques, have been achieved through practical experi- 
ence, through trial and observation, rather than stemming from any a priori scientific 
discoveries (p. 319). 

Accord ing  to Hal l  (1963, p. 130), the pr inc ipa l  t echno log ica l  deve lop-  
ments  o f  the 18th century  - coa l  as fuel,  ef f ic ient  s team engines ,  cast  i ron 
for  construct ion,  text i le  mach ine ry  - were  all empi r i ca l  advances ,  and not  
the products  of  scient i f ic  research.  Clow & Clow (1952) have  argued that 
the ear l ies t  sys t emat i c  a t t empt  to l ink  t echno log ica l  innova t ion  to scien-  
tific knowledge  occurred in late 18th and early 19th century France,  England  
and Sco t land ,  whe re  manufac tu r e r s  d rew upon  c h e m i c a l  theory  in o rde r  
to manufac ture  acids,  b leaches ,  soda  and a few other  bas ic  chemica ls ,  and 
to cos t  their  p roces ses  more  accu ra t e ly  th rough  thei r  ab i l i ty  to ca lcu la te  
the required quanti t ies  o f  reactants .  Rabi  (1965), the d is t inguished US physi -  
cist ,  offered a s imi lar  view: 

I'm not sure that science has been so terribly important for a lot of the basic technology 
we have today . . . .  I recalled the older arts and the great progress that was made without 
science: the wonderful metals, before the knowledge of chemistry or metallurgy was 
even developed; the wonderful fabrics that were made; building materials; sailing ships, 
really the most improbable and remarkable things in the world (much more so than 
steamships); techniques of mining, agriculture and forestry; the arts of war without the 
help of RAND and the arts of statecraft without the help of Brookings; the preservation 
of foods; the utilization of water power, wind power, horsepower - I mean the tremen- 
dous advance that was made from the time of the ancients to the Middle Ages in 
the harnessing "of horses and the domestication of animals; dyeing, weaving, pottery - 
all these things were developed to a very high degree without the help of science 
(pp. 13-14). 

The connect ion  be tween  sc ience  and technology,  argued Brooks  (1965),  

was a recent  phenomenon:  
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The technology of the nineteenth century, the technology on which most of our indus- 
trial civilization depends or at least still depended on thirty years ago, grew up relatively 
independently of science - not completely independently, but relatively so. When one 
thinks of the technological innovations which have had the greatest impact on our society, 
one realizes that most of them were products of mechanical ingenuity, rather than appli- 
cations of science per se. One thinks of such things as barbed wire, which was responsible 
for the opening up of the West; the typewriter, the sewing machine, and the cotton 
picker; much of the art of metallurgy, building materials and tools; even a good bit of 
medicine and surgery. 

With the growth of the German chemical industry in the 1880s, a technology began 
to emerge which was the result of the greater and greater coincidence between science and 
technology. The four industries in which this has been most evident are the chemical 
industry, the communications industry, the power industry, and in some measure, the aero- 
nautical industry. But it is only in the most modem versions of electronics, aeronautics, 
and applied chemistry that one would say that basic scientific knowledge has really 
overtaken engineering practice. For the most part, the art has tended to run ahead of the 
science (pp. 37-38). 

Kuhn  (1971) made a similar  point ,  arguing that science and technology 

had been separate enterprises before Bacon announced their marriage in the beginning 
of the seventeenth century, and they continued separate for almost three centuries more. 
Until late in the nineteenth century, significant technological innovations almost never 
came from the men, the institutions, or the social groups that contributed to the sciences. 
Though scientists sometimes tried and through their spokesmen claimed successes, the 
effective improvers of technology were predominantly craftsmen, foremen, and inge- 
nious contrivers, a group often in sharp conflict with their contemporaries in the sciences. 
Scorn for inventors shows repeatedly in the literature of science, and hostility to the 
pretentious, abstract and wool-gathering scientist is a persistent theme in the literature 
of technology. There is even evidence that this polarization of science and technology 
has deep sociological roots, for almost no society has managed successfully to nurture 
both at the same time (p. 284). 

K u h n  goes on to observe that 'wi th  few exceptions,  none  of much sig- 
nif icance,  scientists who turned to technology for their problems succeeded 
mere ly  in va l ida t ing  and expla in ing,  not  in improving ,  techniques  devel- 
oped earlier and without  sc ience ' s  aid '  (p. 285). He argues that the ancient  
Greeks made scientific progress without  much technological  improvement ,  
whi le  the R o m a n s  deve loped  t echno logy  wi thou t  any no tab le  scient i f ic  
ach ievements .  Germany ,  in the cen tury  before World  War  II, ma na ge d  
both, which K u h n  attributes to their policy of es tabl ishing separate insti-  

tutions: univers i t ies  for Wissenschafi  (academic knowledge)  and Technische 

Hochschulen for the industr ial  arts. 
In the 19th century,  with the found ing  of the electr ical  and chemical  

industries,  science did begin  to make major  contr ibut ions  to technological  
development .  (Finch, 1961, comments  that electrical engineer ing  is the only 
branch of engineer ing  whose origins lie in pure science.) Even  then, when  
scientific and technological  communi t i e s  could and did communica te  with 
each other, major  technologica l  advances  were somet imes  made without  
much scientific input.  A study by Rae (1961) of the history of early aviat ion 
i l lus t ra tes  the point .  The  shaping of  wings  for heav ie r - than-a i r  f l ight  



146 PAUL L. GARDNER 

drew mostly upon the trial-and-error work of 19th century gliding pioneers; 
scientific study, exemplified by the Wright brothers' measurements of the 
lift of various wing surfaces in a wind tunnel, came well afterwards. 

Sometimes, an innovation can work even when the inventor has a faulty 
scientific theory to account for it. The Montgolfier brothers, who made 
the first successful flight in a hot-air balloon in 1783, thought that the lifting 
effect came from the smoke; they did not really know why their idea worked 
(Rae, 1961). Kline (1987) notes that Nikola Tesla made significant improve- 
ments to the design of the alternating-current induction motor, despite his 
faulty understanding of the crucial role of eddy currents. Heat treatment 
of food during bottling and canning preceded Pasteur's research on the 
effects of heat on micro-organisms by decades; the early food preservers 
thought that spoilage was prevented as a result of driving the air out of 
the container (Farrer, 1988). Vincenti (1990, Ch. 2) tells the story of the 
development of the Davis wing, which was adopted for use in 1938 on 
the Model 31 flying boat. A year later, the design was incorporated into 
the design of the B-24 bomber, which was to become one of 'the most 
important aircraft of World War II' (more than 19,000 were built). What 
is of relevance here is that the wing's designer, David Davis, had no expert 
knowledge of fluid mechanics, and his explanations in fluid-mechanical 
terms of why the wing was supposedly superior were 'either physically 
dubious or downright nonsensical' (p. 23). Kranzberg (1963) comments that 
an invention 'can be founded on a false technical idea, but it's not false 
as a technical act if it works. This pragmatic formulation has been implicit 
in technological development since the time of the first stone implements' 
(p. 138). 

These cases indicate that good technological development can occur in 
the absence of good scientific theory. The independence of scientific theory 
and technological development can also be illustrated by the converse 
principle of poor technology ignoring good science. A nice example is 
provided by the fruitless attempts by some would-be technologists to 
develop perpetual motion machines. By the latter half of the 19th century, 
the principle of conservation of energy was well established as part of the 
structure of scientific thought. Nevertheless, the impossibility of designing 
a machine which could generate energy outputs in excess of the energy 
required to drive it was either not known or not understood by some inven- 
tors. Basalla (1988, p. 74) notes that in the 19th century, 500 patents for 
perpetual motion machines were issued in England. In the United States, 
as late as 1911, the Patent Office, obviously tired of having to deal with 
crackpots, insisted that henceforth all patent applications for perpetual 
motion machines had to be accompanied by a working model! 

If we consider all of these stories together, it would seem that scien- 
tific discovery and technological innovation can occur in either order. A 
new product or process, argues Fores (1971, p. 626) 'can be based on 
either the new use of scientific knowledge or the technical demonstration 
that it works (with the new scientific knowledge, if relevant, drawn up 
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later to explain why it works)'.  Scientific knowledge is not always needed 
for technological innovation. 

Between 1945 and 1966, the US Department of Defense spent about 
$10 billion on research, about a quarter of it on basic research. During 
that period, the department also sponsored an evaluative study, Project 
Hindsight, to assess the sources of the key contributions in the development 
of the nation's weapon systems. Some 700 major contributions were iden- 
tified; 91% were technological, 8.7% were from applied science and only 
0.3% - two of the 700 contributions - could be identified as stemming from 
basic research (Isenson, 1969). Edwin Layton (1971) comments that the 
investigators were not trying to argue that science had no effect upon 
technology, but what they did demonstrate 

was that the immediate, direct influence has been small; they showed that the traditional 
model of science-technology relations is in need of revision . . . .  The question, there- 
fore, is not whether science has influenced technology, but rather the precise nature of 
that interaction (p. 564). 

Laudan (1984) provides a succinct summary of the historical arguments 
against the TAS view in this section of the essay, and her references to steam 
engines and analytic strategies (i.e. ontological arguments) serve to intro- 
duce the next two sections: 

Recent attacks on the concept of technology as applied science have employed two 
strategies, one empirical and one analytic. On the empirical front, historian after histo- 
rian has chronicled episodes in the development of technology where the major advances 
owed little or nothing to science. Whether one takes steam power, water power, machine 
tools, clock making or metallurgy, the conclusion is the same. The technology devel- 
oped without the assistance of scientific theory, a position summed up by the slogan, 
"science owes more to the steam engine than the steam engine owes to science" 
(p. 10). 

Complex  interactions: The development  o f  the s team engine 

The story of the steam engine illustrates the complexity of the technology- 
science relationship; it shows that technology can develop from science, 
make progress without science and also contribute to science. 

Steam engine development was fostered by a desire to pump water (out 
of flooded mines, or into town water supplies). This development was 
supported by a considerable body of  17th century scientific research on 
pneumatics and heat, in which della Porta, Galileo, Torricelli, yon Guericke, 
Hooke, Boyle, Huyghens and Papin were involved (Kerker, 1961). Basalla 
(1988) comments that these scientists were engaged in challenging 
Aristotle's view that a vacuum could not exist in nature. Most were con- 
cerned with purely scientific studies, on topics such as atmospheric pressure 
and the ability of a vacuum to transmit light and sound, or to support life. 
Papin (1647-c. 1712) was also interested in the practical possibilities 
of pneumatics, and conducted experiments on steam, evacuated cylinders 
and pistons. Thus, as A. R. Hall (1963) notes, the idea of rarefying matter 
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through heat and then allowing the atmosphere to do work was originated 
by scientists. 

The first patent for a steam engine, taken out by Thomas Savery in 
1698, made use of some of these ideas. Although Savery's original design 
was unworkable because of imperfect workmanship and materials, he later 
joined forces with Thomas Newcomen to produce a very efficient mine 
pump. Basalla (1988) observes that there is nothing in the historical record 
to indicate that Newcomen shared the scientific interest in pneumatics that 
drove Papin's research, or even that he knew of Papin's research. However, 
since Newcomen was acquainted with men who were Fellows of the Royal 
Society, it is possible that he learned of a brief review in English of Papin's 
proposal for an engine that could be used to drain mines. Even if Newcomen 
did know of Papin's ideas, there was little similarity between the equipment 
used in Papin's small-scale laboratory experiments and Newcomen's  large- 
scale water pumping engine. 

James Watt's contribution came after extensive scientific study in the 
laboratory of pressure-volume-temperature relationships for steam in small- 
scale models of the Newcomen engine. Watt was a young mathematical 
instrument maker employed by Glasgow University when, in the winter 
of 1763-64, the professor of natural philosophy, John Anderson, brought 
him a model Newcomen steam engine to repair. This engine employed a 
piston-in-cylinder arrangement in which the motive power of  the piston 
and the cooling of the steam to form the partial vacuum needed to drive 
the piston occurred in the same cylinder. Watt soon recognised that this 
arrangement consumed large amounts of  steam (and hence of  fuel). He 
quickly proposed a more efficient arrangement, which involved cooling 
the steam in a separate condenser vessel (Scherer, 1965). 

Black, a contemporary of Watt's, developed the concept of latent heat, 
which was crucial in explaining the energy changes in gas/liquid transitions, 
but whether or not Watt made use of this idea is a matter of some contention. 
John Robison, a friend of Watt's - Robison had turned Watt's attention to 
steam engines - claimed that Watt had applied Black's ideas, and was 
responsible for spreading this story. A. R. Hall (1963) examines the question 
of whether Watt's separate condenser owed anything to B];ack's work: 

The engineer denied the scientist's claim that it did. And while it is true that Black's 
researches might have assisted Watt, it is no less true that Watt could - and probably 
did - by very plausible reasoning have hit upon his solution for the imperfection of the 
Newcomen engine without possessing Black's theoretical formulation of the reason for 
it (p. 127). 

Donovan (1979) comments that Robison's account sprang from a desire 
to honour Black, his teacher and predecessor. The legend became widely 
accepted in the 19th century 'precisely because it conformed to the general 
understanding of the relationship between science and technology' (p. 21). 
Donovan argues that Watt 'discovered'  the importance of latent heat for 
himself, through experiments designed to help him understand heat losses 
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in his  m o d e l  s team eng ine ;  B l a c k  then po in t e d  out  to h im that  this  was  

an ins tance  o f  latent  heat.  
A c c o r d i n g  to Donovan ,  the impor t ance  o f  B l a c k ' s  cont r ibut ion  was that 

he es tab l i shed  the sc ient i f ic  env i ronmen t  in which  heat analysis was seen 
as a p roduc t ive  way  to inves t iga te  s team engines .  Wat t ' s  p redecessors  had  
thought  of  eng ines  in m e c h a n i c a l  t e rms ,  and had  focus sed  on the e las t i c  
p roper t ies  of  air. 

Watt's decision to undertake a heat analysis of the steam engine thus stands as the fun- 
damental intellectual shift in the discovery of the separate condenser. However, I suspect 
that Watt was not even aware of the novelty of his approach. For years he had been lis- 
tening to Joseph Black talk about the central role of heat in chemis t ry . . .  Thus when 
Watt began studying the steam engine, he naturally saw it as a heat engine. He found 
this approach a natural one not because of the nature of the engine itself, but because it 
was the dominant approach to the study of physical nature in the immediate context of 
his life. Here, in the largely unconscious social determination of Watt's conceptual 
framework, we find the crucial link between science and technology (Donovan, 1979, 
pp. 25-26). 

Whe the r  Watt  knew about  la tent  hea t  or not,  his addi t ion  of  a separa te  
condense r  was  a c rea t ive  act o f  t echno log ica l  invent ion ,  not  an idea  that  
cou ld  be d e r i v e d  f rom k n o w l e d g e  abou t  g a s - l a w  re l a t i ons  or  the l a t en t  
hea t  o f  s team.  The  s u b s e q u e n t  c o n v e r s i o n  o f  his  m o d e l  to a f u l l - s c a l e  
mach ine  requi red  the su rmoun t ing  o f  many  technica l  d i f f icul t ies .  This  was  
achieved by  sys temat ic  technologica l  exper imenta t ion  which was not  gu ided  
by  any sc ient i f ic  theory  (Cardwel l ,  1965). Seven ty - f ive  years  af ter  Watt ,  
C laus ius  and Ke lv in  m a d e  m a j o r  con t r ibu t ions  to t h e r m o d y n a m i c  theory  
by  exp l a in ing  the ene rgy  r e l a t i onsh ips  o f  the  engine .  The  a p h o r i s m  that  
sc ience  owes  as much  to the s team eng ine  as the s team eng ine  owes  to 
sc ience  seems wel l - founded .  Basa l l a  (1988) d raws  upon  the h is tory  of  the 
s team engine ,  e lec t r ic  l igh t ing  and radio  to reach severa l  conc lus ions  about  
the nature  o f  the in terac t ion  be tween  sc ience  and technology:  

First, the connection between science and technology is complex and never simply hier- 
archical. Second, the scientific knowledge that spurs technological innovation need not 
be the latest nor need it appear in its purest form; second- or third-hand conceptions of 
scientific advances can and do serve technology well. Third, science dictates the limits 
of physical possibilities of an artifact, but it does not prescribe the final form; Ohm's 
law did not dictate the shape and details of Edison's lighting system nor did Maxwell's 
equations determine the precise form taken by the circuitry in a modern radio receiver 
(p. 92). 

Ontological arguments: The relationship between thought and praxis 

As Rache l  L a u d a n  (1984)  has  no ted  in the quote  m e n t i o n e d  ear l ier ,  the  
TAS pos i t i on  has  been  c h a l l e n g e d  on p h i l o s o p h i c a l  as wel l  as h i s to r i ca l  
grounds .  U n d e r l y i n g  the TAS pos i t i on  is the on to log ica l  a s sumpt ion  that  
praxis  (organised  prac t ica l  capab i l i ty  and act ion)  is dependen t  upon  pr ior  
consc ious  thought .  Cha l l enges  to this  a s sumpt ion  have  fo l lowed  two dif -  
ferent lines: one l ine of  argument  has been that thought  and praxis  are largely 
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independent, while a second line proposes a radical inversion of the TAS 
position by arguing that scientific thought has arisen as a result of tech- 
nological praxis. 

Drucker (1961) followed the former line, contending that until modern 
times, 'science and technology were not seen as having anything to do 
with one another' (p. 344). Science was a branch of philosophy, whose 
object was to elevate the mind, while technology was focussed on use; 
any resemblance between the two was purely coincidental. If a techno- 
logical innovation was incompatible with a scientific theory then in vogue, 
the inconsistency was not necessarily regarded as disturbing. It is almost 
as if thought and praxis inhabit separate compartments of the mind. 
Although eyeglasses had been in use since the late 13th century, Galen's 
theory of vision, which ruled out any possibility of correcting visual defects, 
continued to be taught for three hundred years. Harvey's research on the 
circulation of the blood undermined all the assumptions that underlay the 
medical practice of using leeches to bleed patients. Although Harvey's 
findings were published in medical texts, bleeding continued as a clinical 
practice for 150 years. Jenner's discovery of smallpox vaccination - essen- 
tially clinical and technological and not based upon scientific theory - 
was incompatible with any contemporary medical or biological theory; many 
doctors practised vaccination, while continuing to teach superseded theory. 
The epistemological assumption that there ought to be a link between sci- 
entific theory and technological practice is a modern one; it is, says Drucker, 
our age, not the past, which presumes consistency between the two. 

The second line, that praxis is ontologically prior to thought, has been 
extensively developed since the late 1970s by the American phenomenol- 
ogist Don Ihde, and more recently by Henry Petroski, an American historian 
of engineering. Ihde's central thesis is that technology is prior to science, 
not only in an obvious historical sense (the making of tools and artefacts 
probably occurred at the time humans emerged as a species), but also in 
a more subtle, ontological sense: 

if science centrally involves a theorising about things in a systematic and hypothetical 
sense, then it should be apparent that the practiced and skilled uses of technologies long 
precede the kind of  self-awareness implied in science. In the most general sense then, 
prams precedes explicit theory (1983a, p. 235). 

Petroski reaches a similar conclusion from his extensive knowledge of 
the history of engineering. In an extraordinary book - a 400-page treatise 
on the history of the pencil - he argues that visualisation and design is 
the foundation of technological innovation (a point made earlier in this essay 
in the discussion of the distinctive attributes of technology): 

There is hardly an artefact of  engineering or technology that can be separated from its 
physical appearance, and thus it is not surprising that engineers and technologists think 
and create in terms of  pictures. It is for this reason that the naive view of engineering 
as "applied science" is simply not valid. It is actually the theories and equations of science 
that are applied to the object of an engineer 's  imagination - once there is a picture of  
what is to be theorized about or analyzed with equations - and so science is really used 



RELATIONSHIP BETWEEN TECHNOLOGY AND SCIENCE 151 

as theoretical engineering . . . .  Science is really thinking "on second thought", and 
science is applied 'after the artifact', when the object has been pictured first in the mind 
of the engineer (Petroski, 1990, p. 215). 

Petroski goes on to cite the writings of  Eugene Ferguson, to argue that 
the form, function, dimensions and appearance of most of the artefacts in 
daily use have been shaped by craftsmen, designers, inventors and engineers 
through non-scientific modes of thought. Although the unambiguous verbal 
descriptions which science seeks may contribute to technological innova- 
tion, many of the attributes of  artefacts which technologists think about must 
be dealt with in a visual, non-verbal way. Petroski also quotes David Pye, 
theorising on the nature of  design, who wrote, ' I f  there had been no inven- 
tions there would be no theory of mechanics. Invention came first. '  

Ihde argues that the standard, dominant  view - that theory gives rise 
to praxis - is the product of  a 'platonist ' ,  ' idealist '  position which over- 
emphasises  the importance of  ideas. As Cohen and Wartofsky point out 
in their editorial preface to Ihde's first book on the philosophy of technology, 
the question of technology's  relation to science has usually 

been posed in the framework of the nomological model of explanation in the sciences - 
e.g., are there "laws" of technology; or how does technology fit within the context of 
justification which defines the project of a logical-empiricist philosophy of science? (Ihde, 
1979, p. xi). 

Ihde observes that philosophers have generally tended to view technology 
'as  the outcome and result of ideas; or, to put it in contemporary form, tech- 
nology is viewed as 'appl ied science '  in the form of  theory as the root 
foundation of technology'  (1983b, p. 9). This is an interpretation 

which holds that requisite for creating a (modern) technology, one must have insight 
into the laws of nature, a conceptual system at the formal and abstract level, and the ability 
to apply this knowledge to the material realm, thus creating a technology. In this inter- 
pretation, technology follows from science, both ontologically as an application of 
scientific knowledge and historically as the spread of this insight into ever widening realms 
of material construction (1983a, p. 236). 

The idealist view, Ihde argues, has tempted philosophers into overlooking 
fundamental aspects of technology and has led to 'an arrival at questions 
of technology which is too late' (1983b, p. 9). Instead, he advocates an exis- 
tential philosophy of praxis; he adopts a phenomenological approach, which 
begins with the recognition that technology is ' implicated in the various 
dimensions of  interactions between humans and their world '  (p. 10). His 
aim is to explore how humans come to understand themselves, and how 
technology affects this process. He focusses upon the way in which human 
relationships with the world are mediated by the instruments we use, and 
upon how our experiences with technology transform both our image of 
the world and our self-image in relation to the world. He explores Martin 
Heidegger ' s  position on the science-technology relation, which is ' thor-  
oughly steeped in the pr imacy of praxis '  and in a most  radical form he 
argues that technology is ontologically prior to science and that science is 
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actually the 'tool' or 'instrument' of technology (Ihde, 1979, p. xxi). 
Technology becomes the origin or 'cause' of science; it arises from 
embodiedpraxis, and science develops from this as the 'tool' of technology. 
This is an inverted, 'materialist' view, in which praxis is prior to concept, 
and a theory of action is necessary to provide a foundation for a theory 
of knowledge (p. xxv). Heidegger adopts this position to explain the rise 
of modern technology. For Ihde, the distinction between modem and archaic 
technology is unnecessary: in his view, the same relationships between 
praxis and thought can be found in medieval and modem periods. 

In reaching this conclusion, Ihde was influenced by the work of Lynn 
White Jr, who 'made us aware that there was a virtual technological 
revolution in the Middle Ages which preceded and laid the groundwork 
for the rise of modern science in the Renaissance and through the 
Enlightenment' (1983a, p. 236). Technological developments result in people 
relating to the world in a different way. For White (1962b), crucial events 
in the history of modem technology were medieval developments in warfare 
(the invention of the stirrup), agriculture (the plough and the concept of crop 
rotation) and instrumentation (the invention of the clock). Waterwheels 
and windmills spread rapidly between the 10th and 13th centuries. These 
various developments led to changes in social structures and productivity 
which laid the basis for other major changes. Medieval Europe was highly 
receptive to the use / and development of technology; the 13th century 
philosopher Roger Bacon confidently predicted a glorious technological 
future, with mechanical transportation over land, under the sea and through 
the air. In this materialist reading of the history of technology and science, 
science arises from technology and becomes a necessary tool for the gen- 
eration of further technological developments: science 'becomes a means 
of knowledge which gives power' (Ihde, 1983a, p. 241). 

Medieval technological developments provided the foundation for the 
rise of modern science. Our modern 'scientific' perception of time as a 
'series of atomized, discrete instants' (p. 245)followed technologists' abil- 
ities to construct increasingly refined clockwork mechanisms. Early clocks 
had a single, hour hand; minute hands and second hands came later. Ihde 
argues that scientific conceptions emerge as the result of increasing self- 
consciousness about praxis; our perceptions of the world are 'instrumentally 
mediated' (p. 248). 

The invention of the clock also engendered a paradigm shift in people's 
conceptions of the universe. It began to be regarded as a vast mechanical 
clock, set in motion by God, in which (in the words of the 14th century 
bishop Nicholas Oresme) 'all the wheels move as harmoniously as possible'. 
Such a paradigm laid the foundations for a Newtonian view of the universe. 
Our modem view of the human body as a set of technological contrivances 
- hearts as pumps, arms as levers, nerves as electrical systems - provides 
another illustration of how we tend to interpret our world along techno- 
logical lines (1983b, p. 18). 

Ihde provides another and very different example to illustrate his thesis: 
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the successful transoceanic navigation methods of the Polynesians. They 
had no instruments (the magnetic lodestone known to the Vikings was 
unknown to them), yet developed a highly sophisticated system of navi- 
gation which depended upon wave patterns (and the way these waves 'felt '  
to the boatmen), observations of wave refraction near land masses, cloud 
and light patterns, star movements and bird behaviour. It is not simply 
that Polynesian praxis permitted a successful solution to a technological 
problem; this praxis generated a way of relating to the world, a feeling of 
confidence that the dangers and threats of the ocean could be confronted. 

This process of viewing the world through our experiences with tech- 
nology is a pervasive and usually unconscious human characteristic. It is 
like looking through spectacles: 

those who see through them and who have become accustomed to them, do not notice 
them. Thus that which is closest and most familiar to us, we have failed to notice. Yet 
what we have failed to notice turns out to be basic, perhaps the most basic thing about 
the very way in which we see the world (1983a, p. 250). 

Central to Ihde's thesis is the crucial role of  instrumentation in the devel- 
opment of science. Technological instruments provide the spectacles through 
which scientists view the world. 

(Part 2 of  this paper, to be published in a following issue, will discuss various 
consequences of the TAS view, the complexity of the term 'application', 
the need to re-think the nature of the relationship between technology and 
science, and some implications for education. All references will be pre- 
sented at the end of Part 2.) 


