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Abstract  
 
This paper is concerned with the problem of why scientific revolutions begin.  It 
considers first Kuhn’s view that a revolution is started by a build-up of anomalies in 
the old paradigm.  This view is criticized on historical grounds by considering the 
examples of the Einsteinian revolution and the Copernican revolution.  It is argued 
that there was no significant build-up of anomalies in the old paradigm just before the 
beginning of these revolutions.  An alternative view is then put forward that the start 
of a revolution has to be explained in terms of technology and practical problems (or 
tech for short).  There are two patterns: (i) tech first in which technological advances 
lead to new discoveries and these lead to the onset of the revolution, and (ii) tech last 
in which the need to solve an urgent practical problem produces a challenge to the old 
paradigm.  If this challenge is successful, the new paradigm leads to a solution of the 
practical problem and so to technological advance.  The tech first pattern is illustrated 
by the example of the chemical revolution, and the tech last pattern by the example of 
the development of the germ theory of disease.  It is then argued that scientific 
revolutions can exhibit a combination of tech first and tech last, and this is illustrated 
by the Copernican revolution.   In the final section of the paper, it is shown that the 
‘tech first/tech last’ theory explains why the Copernican revolution occurred in 
Europe in the 16th and 17th centuries, and not in the ancient Greek world (with 
Aristarchus), or in China in the 16th and 17th centuries.     
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1.  Introduction. The Problem 
 
According to Kuhn’s model, in most branches of science for most of the time, the 
research scientists all accept the dominant paradigm of the field, and carry out normal 
science within the framework of that paradigm.  Occasionally, however, a few [89] 
(Numbers in square brackets are the page numbers of the published version.) of these 
research scientists challenge the dominant paradigm and try to develop a new one.  If 
they are successful, we have a scientific revolution.  The question I want to raise in 
this paper is why, in the midst of the usual normal science, do these occasional 
challenges to the dominant paradigm arise?  Kuhn himself suggests an answer this 
question.  In the next section I will state and criticize this proposed solution to the 
problem. 
 
 
2.  Critique of Kuhn’s ‘Build-up of Anomalies’ View 
 
Kuhn’s proposed solution uses his concept of anomaly.  Regarding the concept of 
anomaly, Kuhn writes (1962/70, pp. 52-53): 
 
“Discovery commences with the awareness of anomaly, i.e. with the recognition that 
nature has somehow violated the paradigm-induced expectations that govern normal 
science.” 
 
Presumably what Kuhn has in mind is something like this.  From the assumptions of 
the paradigm, together with what seem to be plausible auxiliary conditions, a result is 
deduced which is contradicted by observation.  This contradiction constitutes an 
anomaly. 

Using this concept, Kuhn writes about the beginning of scientific revolutions 
as follows (1962/70, p.6): 
 
“ … normal science repeatedly goes astray.  And when it does – when, that is, the 
profession can no longer evade anomalies that subvert the existing tradition of 
scientific practice – then begin the extraordinary … episodes … known in this essay 
as scientific revolutions.”  
 
I will characterize this idea of Kuhn’s as the ‘build-up of anomalies’ view.  If an 
increasing number of anomalies occur in the dominant paradigm, this will lead to the 
paradigm being questioned, and a departure from normal science.  This view, which 
has a slightly Popperian flavour, seems very plausible and in accordance with 
common sense.  Unfortunately, however, it does not agree well with historical facts.  
There may be periods when the dominant paradigm is beset with many anomalies, 
and yet normal science continues unchallenged.  Conversely, scientific revolutions 
can sometimes begin when there are only a few, and rather minor, anomalies in the 
dominant paradigm.  

In order to argue for these claims, I will consider one of the classic examples 
of normal science, namely research in astronomy and mechanics from the time of the 
general acceptance of Newton’s theory (c. 1720) to the beginning of the Einsteinian 
revolution (c. 1905).  In fact there were in the Newtonian normal science of this 
period a succession of anomalies which often remained unresolved for quite long 
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periods of time.  In 1746, for example1, Clairaut found that the progress of the 
Moon’s apogee is twice what it should be according to Newton’s theory.  It turned out 
that Clairaut had exaggerated the size of this anomaly owing to a [90] mathematical 
mistake, but there still remained the small anomaly of a ‘secular acceleration’.  This 
was only successfully resolved within Newtonian theory by Laplace in 1787.  The 
next anomaly to come to light concerned the planet Uranus which was discovered in 
1781.  The first to compute its orbit was Lexell, and he noticed that it had 
irregularities.  In 1821 Bouvard made predictions using Newtonian theory of the 
future positions of Uranus, but subsequent observations revealed substantial 
deviations from Bouvard’s theoretical values.  In 1846 this anomaly was triumphantly 
resolved by Adams and Leverrier.  They explained the irregularities in the orbit of 
Uranus by postulating a hitherto unknown planet, and then used Newtonian theory to 
calculate where that planet should be.  The new planet (Neptune) was duly observed 
on 23 September 1846 only 52’ away from the predicted position.  Leverrier, having 
resolved one anomaly in Newtonian normal science, went on to discover another.  In 
1859 he showed that the rate of precession of the perihelion of Mercury differed from 
that predicted by Newtonian theory by 38” per century.  Later his estimate of 38” was 
changed to 43’’.  Leverrier tried to explain this anomaly in the same way that he dealt 
with the irregularities in the orbit of Uranus.  He postulated a hitherto unknown planet 
nearer the Sun than Mercury.  This hypothetical planet was even given the name 
‘Vulcan’, but no such planet was ever discovered.  In fact the anomaly of the rate of 
precession of the perihelion of Mercury was never resolved within the Newtonian 
paradigm.  However, as the anomaly was a tiny one, and as similar anomalies had 
been successfully resolved on earlier occasions, it is unlikely that this anomaly 
reduced confidence in the Newtonian paradigm to any significant extent. 

Our analysis of this example shows that anomalies can frequently arise in 
normal science and can in some cases remain unresolved for long periods without 
giving rise to a scientific revolution or significantly reducing confidence in the 
dominant paradigm.  However, it is still possible that just before a scientific 
revolution, there is a build-up of a large number of anomalies, and it is this build-up, 
which triggers the revolution.  Let us next examine this hypothesis as applied to the 
Einsteinian revolution. 

When the Einsteinian revolution began about 1905, the dominant paradigm 
was no longer just Newtonian theory, but a combination of Newtonian theory with 
Maxwell’s electrodynamics.  The two theories seemed to fit well together.  
Maxwellian theory postulated the existence of an ether, and regarded electromagnetic 
radiation as waves in this ether.  Now the ether could provide a basis for the absolute 
space which Newton had postulated.  In the Einsteinian revolution, however, this 
paradigm was replaced by one in which the existence of both the ether and absolute 
space was denied, and in which Newtonian mechanics and gravitational theory were 
replaced by the special and general theories of relativity.  On the build-up of 
anomalies theory, we would expect that around 1900 there would be a large number 
of anomalies in the Newton-Maxwell paradigm.  Was this in fact the case?   

As far as Newtonian theory is concerned the only anomaly was that concerned 
with the perihelion of Mercury which had been known since 1859, and which no one 
considered to be very serious.  What about the ether?  At the International Congress 
of Physics, held in Paris in 1900, Lord Kelvin gave an address in which [91] he 
considered ether theory.  He remarked that “the only cloud in the clear sky of the 

																																																								
1 This example is discussed in Lakatos (1963-4, p. 219). 
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theory was the null result of the Michelson-Morley experiment.”2 So Lord Kelvin, 
one of the leading physicists of the time only recognised one anomaly in the ether 
theory. 

However, it could be claimed that Lord Kelvin was wrong to consider this to 
be an anomaly because it had been successfully explained in terms of the dominant 
paradigm.  In his 1892 and 1895, Lorentz had explained the null result of the 
Michelson-Morley experiment of 1887 using the contraction hypothesis.  As this 
hypothesis had been put forward independently by Fitzgerald, it became known as 
Lorentz-Fitzgerald Contraction (or LFC).  Now for many years LFC was dismissed as 
a purely ad hoc hypothesis, which did not satisfactorily explain the result of the 
Michelson-Morley experiment.  This point of view is to be found in Popper (1934, 
Section 20, p. 83).  However, Grünbaum in his (1959) argued that the Lorentz-
Fitzgerald Contraction was not an ad hoc hypothesis.  This criticism was accepted by 
Popper (1959) and Lakatos (1970, p. 75, Footnote 5).  However, Holton in his (1969) 
continued to maintain that the LFC was an ad hoc hypothesis, though he used ad hoc 
in a different sense from Popper.  Holton’s view was in its turn criticized very 
convincingly by Zahar (1989, pp. 5-10 and pp. 62-66).  Zahar showed that the LFC 
was deduced by Lorentz from another deeper hypothesis – his Molecular Forces 
Hypothesis, which Lorentz had introduced for reasons which had nothing to do with 
the Michelson-Morley experiment.  Zahar concluded from this that the LFC was not 
ad hoc in Holton’s sense of the term.  However, if the LFC was not ad hoc, it 
provided a satisfactory resolution of the anomaly created by the null result of the 
Michelson-Morley experiment.  It follows that in 1900 there was only one anomaly in 
the dominant Newton-ether paradigm (P1), namely the tiny anomaly of the rate of 
precession of the perihelion of Mercury, an anomaly, which had been known since 
1859.  In effect there was no build-up of anomalies in 1900, only 5 years before the 
beginning of the Einsteinian revolution.  

Let us take as our second example the Copernican revolution.  This is usually 
regarded as beginning with the publication of Copernicus’ De Revolutionibus Orbium 
Caelestium in 1543.  What was the state of the dominant paradigm in astronomy at 
that time.  Kuhn answers as follows (1962/70, p. 67): 
 
“On this point historical evidence is entirely unequivocal.  The state of Ptolemaic 
astronomy was a scandal before Copernicus’ announcement.”  
 

I cannot agree with Kuhn here.  On the contrary, at that time there seem to 
have been hardly any anomalies in the dominant Ptolemaic paradigm.  With its 
apparatus of cycles and epicycles, Ptolemaic astronomy could explain nearly all the 
observed phenomena, and also predict the movements of the planets fairly accurately.  
Of course the accuracy was much less than would be achieved later, but at the time, 
Ptolemaic astronomy was undoubtedly the most accurate of all the existing sciences.   

The best evidence for the absence of anomalies in Ptolemaic astronomy in 
1543 is provided by the text of Copernicus’ De Revolutionibus.  In the Preface and 
Book 1, [92] Copernicus set out his main arguments against Ptolemaic astronomy.  If 
there had been any anomalies in that system, he would surely have mentioned them.  
Yet he does not do so.  In the Preface he complains that Ptolemaic astronomy is not 
sufficiently accurate, but here he is surely on weak grounds since the accuracy was 
very good for the time.  He also complains about the complexity and confusion of the 

																																																								
2	Miller (1925, p. 618).  This reference comes from Lakatos (1970, p. 72, Footnote 6).	
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mathematical methods used by Ptolemaic astronomers.  He particularly objected to 
the use of equants, writing (p. 150): 
 
“Those … who have devised eccentric systems … have yet made many admissions 
which seem to violate the first principle of uniformity in motion.”  
 
Copernicus himself did avoid the use of equants in his work, but the mathematical 
complexity of his system was in fact just as great as that of Ptolemy. 

In Book 1 itself, Copernicus mentions a number of astronomical facts, which 
are more simply explained in his system.  One such fact is that Mercury and Venus, 
unlike the other planets, always stay close to the Sun (1543, p. 167).  Another fact is 
that the outer planets (Mars, Jupiter, and Saturn) are always brightest and hence 
nearest to the Earth when in opposition to the Sun, and most distant when in 
conjunction with the Sun. (1543, pp. 167-8).  Copernicus can also easily explain the 
phenomenon of planetary retrogression, and also a number of facts about 
retrogressions, which he mentions in the following passage (1543, pp. 169-70): 
 
“For here we may observe why the progression and retrogression appear greater for 
Jupiter than Saturn, and less than for Mars, but again greater for Venus than for 
Mercury;  and why such oscillation appears more frequently in Saturn than in Jupiter, 
but less frequently in Mars and Venus than in Mercury; … All these phenomena 
proceed from the same cause, namely Earth’s motion.”  
 
Copernicus is quite right here.  The facts that he mentions can indeed be explained 
simply on his heliocentric hypothesis.  However, what I would like to stress, is that he 
does not say of any these facts that it cannot be explained on the Ptolemaic system, 
i.e. that it is an anomaly for that system.  Nor would he have been correct to do so.  
Ptolemaic astronomers were able to explain all these facts, though in a more 
complicated fashion, by manipulating cycles and epicycles.   

These then are my historical arguments against the ‘build-up of anomalies’ 
theory of why scientific revolutions begin.  I now turn to giving my alternative theory.  
I do not think the beginning of a scientific revolution can be explained entirely in 
terms of the situation internal to that science.  We need to bring into the picture some 
things, which are external, namely technology and practical problems.  For 
convenience I will use ‘tech’ as an abbreviation for technology and practical 
problems.  There are, I claim, two different ways in which tech can give rise to a 
scientific revolution.  Advances in technology can precede a scientific revolution.  
Usually the relevant effect of the new technology is to enable better instruments for 
scientific use to be constructed.  This enables new observations and experiments to be 
carried out, resulting in a number of significant discoveries, which involve new 
objects and new processes.  These discoveries are what give rise to the scientific 
revolution.  I call this pattern: ‘tech first’, because the advances come before the 
scientific revolution, and act as its efficient cause.  By contrast there [93] is also a 
‘tech last’ pattern, which takes the following form.  At a certain stage of development, 
there may be some urgent practical problems, which cannot be easily solved within 
the existing scientific paradigm.  Some scientists may be stimulated by this situation 
to try to solve these problems by changing the paradigm.  This explains the beginning 
of the scientific revolution.  If the new paradigm does indeed produce solutions to the 
urgent practical problems, then the scientific revolution will be successful.  I call this 
pattern ‘tech last’, because the advances in tech occur after the scientific revolution 
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has begun, and, as a consequence of the scientific revolution.  Tech is here the final 
cause rather than the efficient cause of the revolution. 

Interestingly Kuhn himself came to have doubts about his ‘build-up of 
anomalies’ theory3.  As Hoyningen-Huene points out in his 1993, pp. 232-3: 
 
“The thesis that all revolutions in theory are indicated by crises, triggered in turn by 
the appearance of significant anomalies in the relevant field, has, subsequent to being 
met with criticism, been somewhat weakened. Kuhn remains, as before, convinced 
that crises are usually the prelude to revolution, but he acknowledges that revolutions 
might also, albeit rarely, get started in other ways.”  
 

In the Postscript, written in 1969, to the second edition of The Structure of 
Revolutions, Kuhn writes (1962/70, p. 181): 
 
“A number of critics4 have doubted whether crisis, the common awareness that 
something has gone wrong, precedes revolutions so invariably as I implied in my 
original text.  Nothing important to my argument depends, however, on crises’ being 
an absolute prerequisite to revolutions; they need only be the usual prelude, 
supplying, that is, a self-correcting mechanism which ensures that the rigidity of 
normal science will not forever go unchallenged.  Revolutions may also be induced in 
other ways, though I think they seldom are.  … crises need not be generated by the 
work of the community that experiences them and that sometimes undergoes 
revolution as a result.  New instruments like the electron microscope or new laws like 
Maxwell’s may develop in one specialty and their assimilation create crisis in 
another.”  
 
Here Kuhn mentions the role of instruments, and, he also refers to technology in 
another passage.  He says (1962/70, p. x): 
 
“I have said nothing about the role of technological advance or of external social, 
economic, and intellectual conditions in the development of the sciences.  One need, 
however, look no further than Copernicus and the calendar to discover that external 
conditions may help to transform a mere anomaly into a source of acute crisis.” 
 
To some extent then this paper takes up these hints of Kuhn’s concerning the role of 
technology and tries to develop them. 

In the next section (3), I will describe the ‘tech first’ pattern in more detail, 
and use it to explain the beginning of the chemical revolution.  In section 4, I will 
treat the ‘tech last’ pattern in a similar fashion, using as an example a revolution in 
medicine. [94] 
 
 
3.  Tech first, and the Beginning of the Chemical Revolution 
 
To illustrate the concept of ‘tech first’ I will begin by giving a simple and very 
striking example which was not actually the beginning of a scientific revolution, 

																																																								
3	I am very grateful to Thomas Sturm for pointing this out to me, and also supplying the references to 
Hoyningen-Huene and Kuhn.	
4	Unfortunately Kuhn does not say who these critics were.	
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though it did give a boost to a scientific revolution already under way.  This example 
is Galileo’s telescopic discoveries.   

Galileo seems to have heard a report of a telescope made in Belgium in June 
1609, when he was teaching at the University of Padua in the Venetian republic.  He 
succeeded in making a telescope for himself in July and August of 1609.  Then in 
March 1610 he published the first report of his astronomical observations using his 
telescope in a pamphlet called Sidereus Nuncius (The Starry Messenger).  

The discoveries, which Galileo made in such a short space of time with his 
new instrument, were truly remarkable.  First of all he found that there were 
mountains on the moon, and even gave a quite accurate estimate of the height of the 
tallest of them (about 4 miles).  Secondly he was able to observe thousands of 
previously unknown stars.  For example, he says (Galileo, 1610, p. 47): 
 
“Hence to the three stars in the Belt of Orion and the six in the Sword which were 
previously known, I have added eighty adjacent stars …” 
 
Thirdly, and perhaps most strikingly of all, he discovered that Jupiter had 4 moons. 

This example is a perfect illustration of what I call the ‘tech first’ pattern.  
Technological developments lead to new instruments, and, with the help of these, a 
number of striking new discoveries are made.  I claim that this ‘tech first’ pattern is, 
in some cases, what stimulates the beginning of a scientific revolution.  It might be 
said then that in such cases, I am replacing a build up of anomalies theory with a build 
up of new discoveries theory.  This is quite correct, and it is therefore important to 
explain how anomalies differ from new discoveries in relation to the dominant 
paradigm in the branch of science in question. 

As we saw from our analysis of Newtonian normal science in the period 
c.1720-c.1900, anomalies are concerned with objects, which are standardly dealt with 
in the paradigm.  In the examples we considered these were the Moon, planets such as 
Uranus and Mercury, and, in the Michelson-Morley experiment, the ether, which was 
a basic object in the extended Newton-Maxwell version of the paradigm.  
Characteristically an anomaly arises because the paradigm predicts some result 
regarding the object, which is contradicted by observation, so that some adjustment 
becomes necessary.  In the case of new discoveries, however, the objects may be quite 
new, and may never have been considered within the old paradigm.  Moreover these 
new objects may behave in new and unfamiliar ways.  How such new objects can be 
handled within the dominant paradigm thus becomes a much more problematic 
matter.  This is well illustrated by the example of Galileo’s telescopic discoveries. 

The mountains on the Moon definitely contradicted one claim of the 
Aristotelian-Ptolemaic paradigm, namely that the heavenly bodies were perfect 
spheres.  However, it is by no means clear how important this is for the rest of the 
paradigm.  Perhaps the general Ptolemaic system could be maintained while [95] 
abandoning the doctrine of the perfection of heavenly bodies.  Then again consider 
the thousands of newly discovered stars.  Could they be fitted into the old celestial 
sphere rotating round the Earth once a day?  It doesn’t seem impossible, but it is not 
so plausible either.  Conversely, the fact that stars were not magnified in diameter by 
the telescope tended to support the view that they were very far away, an assumption 
which the Copernicans needed to explain the absence of stellar parallax.5  Similar 
considerations apply to the moons of Jupiter, whose existence is much more naturally 

																																																								
5	I owe this point to Andrew Gregory.	
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explained in the Copernican paradigm than the Ptolemaic.  Moreover new discoveries 
of such a dramatic nature are bound to shift the mental attitudes of at least some 
researchers.  The old paradigm, after all, was developed in complete ignorance of the 
new objects and phenomena.  This is bound to suggest to some researchers (the 
revolutionaries) that a new paradigm is needed to deal with the new entities.  Of 
course not all researchers will reason in this way.  Other researchers (the 
conservatives) will try to explain the new discoveries in terms of the old paradigm.  In 
this way a build up of new discoveries creates the conditions for the beginning of a 
scientific revolution.  I will now try to illustrate this in the case of the chemical 
revolution. 

The phlogiston theory was designed to explain two processes, which were 
regarded as essentially the same, namely combustion and calcination.  An example of 
combustion would be the burning of charcoal.  Calcination consisted of the 
conversion of a metal to its calx – for example, the conversion of iron into rust.  These 
processes were explained by postulating that charcoal and metals were rich in an 
inflammable substance (phlogiston), which was expelled in the process of combustion 
or calcination.  From the start, there was a problem about weight change in the 
phlogiston theory.  When charcoal was burnt, there remained ashes, which weighed 
less than the charcoal.  This was consistent with the assumption that a substance 
(phlogiston) had been expelled.  However, when a metal was converted to its calx, the 
calx weighed more than the original metal.  Supporters of the phlogiston theory 
explained away this anomaly in various ways.  For example, Boyle and Boerhaave 
explained it, by supposing that in calcination fire particles enter the calx, and account 
for its increase in weight (Leicester, 1956, p. 124).  The phlogiston theory could also 
explain the reverse of calcination, that is the conversion of calx into metal.  For 
example if we heat the calx with charcoal, since charcoal is very rich in phlogiston, 
the phlogiston from the charcoal combines with the calx to give the metal. 

What gave rise to the chemical revolution, which resulted in the overthrow of 
the phlogiston theory, was a build up of new discoveries, which were not in the field 
of combustion and calcination.  These new discoveries were of new gases, whose 
chemical and physical properties were investigated.  Although the word ‘gas’ had 
been invented by Van Helmont in the 17th century, it was not much used by chemists 
in the 18th century.  What we now call a gas, they referred to as an ‘air’ or ‘elastic 
fluid’. 

The discoveries concerning new airs were in turn made possible by 
technological innovations in the devices used by chemists.  Perhaps the most 
important of [96] these was the invention of the pneumatic trough for collecting gases 
over water.  This was due to Stephen Hales, a clergyman and amateur chemist, who 
published an account of it in his book Vegetable Statics of 1727.  
 
Figure 1 Hales’ Pneumatic Trough 
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Hales himself used his new apparatus with enthusiasm to obtain airs from a variety of 
substances, but he did not investigate the chemical properties of these airs. 

Hales’ pneumatic trough (Fig. 1) was developed by later scientists.  Figure 2 
shows the form of the pneumatic trough used by Priestley for producing the gas, 
which we now call oxygen. [97] 
 
Figure 2 Priestley’s Pneumatic Trough 
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Both Cavendish and Priestley also modified the pneumatic trough for water soluble 
gases by collecting the gas over mercury rather than water. 

Of course the pneumatic trough was only one of the pieces of apparatus, 
which the chemists of the time used for their investigations.  Figure 3 shows the 
burning glass, which Priestley used for heating calx of mercury. 
 
Figure 3 Priestley’s Burning Glass 
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Improved balances were also important.  

The next important advance after Hales was published by Joseph Black in 
1756. He obtained a gas by heating lime, leaving a residue of quick-lime.  This new 
gas Black called ‘fixed air’ (our carbon dioxide).  However, Black also obtained the 
reverse reaction.  If quick-lime is dissolved in water to get lime water, and then fixed 
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air is bubbled through limewater, lime appears immediately as a milky precipitate.  
This suggests that the air has become fixed back into the lime – hence the name fixed 
air.  The startling nature of this discovery is emphasised by Black’s colleague John 
Robison who wrote in his introduction to the printed version of Black’s lectures on 
chemistry, published posthumously in 1803: 
 
“He had discovered that a cubic inch of marble consisted of about half its weight of 
pure lime and as much air as would fill a vessel holding six gallons. … What could be 
more singular than to find so subtile a substance as air existing in the form of a hard 
stone, and its presence accompanied by such a change in the properties of the stone?” 
(Quoted from Leicester, 1956, p. 134). 
 

Black also studied many of the properties of his fixed air.  He knew that it 
extinguished flames, and that mice put in an atmosphere of fixed air died.  He found 
that the density of fixed air was greater than that of common air, and tests with 
alkaline substances showed that it behaved like a weak acid.  An unknown air could 
be identified as fixed air by these properties, and by the fact that it immediately 
created a milky precipitate when bubbled through limewater. [98] [99 contains Figure 
3] 

Using these tests, Black was able to discover a number of different ways of 
producing fixed air (see McKie, 1952, p. 37).  He found that fixed air was expired in 
respiration, and produced in alcoholic fermentation.  He also found that fixed air 
could be produced by burning charcoal, or dissolving some mild alkalies in acid. 

Black’s pioneering work on fixed air was followed in the next twenty years by 
a series of discoveries of other new gases, and the study of their properties.  In 1766 
Cavendish published a study of what he called inflammable air (our hydrogen).  In 
1772 Rutherford, a student of Black, removed from common air all that could be 
eliminated by respiration and combustion.  He recognized that what remained was a 
new air which he called ‘mephitic air’.  This is our nitrogen.  In 1772 Priestley 
discovered ‘nitrous air’ and some other airs.  The most interesting such air was one he 
obtained in August 1774 when he used a new burning lens to extract an air from 
mercurius calcinatus per se (our mercuric oxide).  Priestley had to interrupt his work 
on this new air (our Oxygen) to accompany his patron Lord Shelburne on a 
continental tour.  However, this had the advantage that he met Lavoisier in Paris in 
October 1774 and was able to tell him about the new air, which Lavoisier proceeded 
to investigate. 

My thesis then is that this build up of discoveries concerning new gases and 
their properties gave rise to the chemical revolution.  This thesis is supported by a 
most interesting document written by Lavoisier probably on 20 February 1773.6  In 
this document Lavoisier describes his programme for research.  He says (quoted from 
McKie, 1935, pp. 120-3) that the aim of his programme is that of making a “long 
series of experiments … on the elastic fluid that is set free from substances, either by 
fermentation, or distillation or in every kind of chemical change, and also on the air 
absorbed in the combustion of a great many substances …”.  He mentions similar 
experiments by his predecessors, but regards them as inadequate:  “However 
numerous may be the experiments of Messrs. Hales, Black, Magbride (Macbride – 

																																																								
6	The document is actually dated February 20 1772 by Lavoisier, but it occurs in a laboratory notebook 
for 1773.  Most scholars think that 1773 is the correct date and that the date 1772 was a mistake by 
Lavoisier.  For a discussion, see McKie, 1935, pp. 123-5. 
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D.G.), Jacquin, Cranz, Prisley (Priestley – D.G.), and de Smeth, in this direction, 
nevertheless, they come far short of the number necessary for a complete body of 
doctrine.  … I have been bound to look upon all that has been done before me as 
merely suggestive:  I have proposed to repeat it all with new safeguards, in order to 
link our knowledge of the air that goes into combination or that is liberated from 
substances, with other acquired knowledge, and to form a theory.”  He also says 
prophetically:  “the importance of the end in view prompted me to undertake all this 
work, which seemed to me destined to bring about a revolution in physics and 
chemistry.”  Lavoisier is remarkable in that he predicts that his research will bring 
about a revolution in chemistry, which was what indeed happened.  He also thinks 
that it is the study of the new gases and their properties, which will give rise to this 
revolution.  This is in accordance with the view of this paper. 

The impact of the discovery of the new gases and their properties was 
different for different researchers.  Lavoisier decided quite early on (perhaps as early 
as [100] November 1772) that the phlogiston theory would not explain the new results 
satisfactorily, and that the development of a new theory was needed.  The leading 
English chemists (Cavendish and Priestley), on the other hand, tried to fit the new 
results into the framework of the old phlogiston theory.  A conflict between the old 
paradigm and the emerging new paradigm developed over the next two decades and it 
ended with the victory of the new approach.7 

Against this account, it might be objected that issues to do with combustion 
and calcination still remained central, and that, for example, Lavoisier’s key 
experiments of 1772 on the burning of sulphur and phosphorus, rather than results 
about the new gases, were what convinced him of the falsity of the phlogiston theory.  
It is of course true that experiments on combustion and calcination remained central, 
but there was a close connection between these experiments and the new results 
concerning gases.  Black had shown that limewater could be converted into lime 
through the fixing of his new air.  This result favoured the view that combustion and 
calcination might involve the fixing of air, to produce an addition theory of 
combustion and calcination as opposed to the subtraction theory of phlogiston. 

Earlier we remarked that the phlogiston theory explained the weight loss when 
charcoal was burned and turned to ashes.  However the weight gain when a metal was 
turned into a calx was an anomaly.  With an addition theory the situation was exactly 
reversed.  The weight gain when a metal turned to calx could easily be explained, but 
the weight loss when charcoal is burned constituted an anomaly.  However, some of 
Black’s results concerning fixed air indicated a way in which this anomaly could be 
resolved.  Black had shown that fixed air is produced when charcoal is burned.  
Perhaps when account is taken of this fixed air, there will be a weight gain rather than 
a weight loss. Lavoisier must have realised this early on, and he gives this explanation 
of the weight loss on the combustion of charcoal in his Elements of Chemistry (1789, 
pp. 63-64).  Thus the new results on gases, not only suggested an addition theory, but 
also showed a way to resolve the anomaly in such a theory. 

So to sum up:  Technological developments in instrumentation such as the 
invention of the pneumatic trough for collecting gases over water, and later mercury, 
																																																								
7	This rather Kuhnian formulation has been called into question by two very interesting recent studies 
of the Chemical Revolution, namely Holmes (2000) and Chang (2012).  Holmes thinks that Priestley 
was not defending the old phlogiston theory, but rather a new phlogiston theory of his own invention, 
while Chang, who defends a pluralist view of science, argues that “phlogiston should have lived”.  
These matters, however, relate more to the development and conclusion of the Chemical Revolution 
than to its beginning which is the subject of this paper. 
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enabled researchers to discover a series of new gases in the period c. 1755 to c. 1775, 
and to find out the properties of these gases.  These discoveries concerning new gases 
were the trigger of the chemical revolution.  This is an example of what I have called 
the ‘tech first’ pattern.  In the next section I will give an example of the ‘tech last’ 
pattern. [101]        
 
     
4.  Tech last, and the Germ Theory of Disease 
 
The tech last pattern is quite different from the tech first pattern.  A tech last 
revolution is not preceded by developments in technology, which produce new 
instruments and a build-up of new discoveries.  What precedes the revolution is rather 
a major unsolved practical problem.  Attempts to solve this problem within the 
current paradigm have failed, and this encourages some researchers to seek a solution 
to the problem by changing the paradigm.  Note, however, that the failure to obtain a 
solution to the practical problem may not be an anomaly in the current paradigm, 
because there may be no guarantee that the problem is in fact soluble.   

I will now illustrate these features of the tech last pattern by an example drawn 
from the history of medicine.  One of the biggest revolutions in medicine started 
about 1865 and had largely succeeded by about 1885.  This revolution established the 
germ theory of disease as a new paradigm for medicine, and brought antisepsis into 
the practice of surgery.   

Nowadays we are all completely familiar with the idea that a wide range of 
diseases are caused by bacteria or viruses.  It is therefore rather surprising to learn that 
such a germ theory of disease was, apart from a few precursors, only introduced 
around 1865, and only came to be generally accepted by the medical profession 
around 1885.  The germ theory of disease was first successfully used to explain two 
diseases – wound suppuration or sepsis, and anthrax.  Anthrax is a disease of both 
humans and cattle.  A French doctor Casimir Davaine (1812-1882) suggested in 1863 
that it was caused by microbes, which he called bacteridia.  His view was initially 
criticized and rejected, but came to be accepted much later (about 1881) owing to 
further work on anthrax by Koch and Pasteur.  The other pioneer of the germ theory 
of disease was Joseph Lister.  He used the germ theory to explain wound suppuration, 
and was more successful than Davaine, as he managed to get his view accepted by the 
medical community.  I will now analyse what led Lister to begin his revolution in 
medicine. 

Joseph Lister (1827-1912) was elected to a Fellowship of the Royal Society in 
1860, and appointed as Regius Professor of Surgery at Glasgow the same year.  It was 
while at Glasgow that, in 1865, he introduced his antiseptic system of surgery.8 

To understand Lister’s innovation, it is necessary to know something about 
surgery as it was practised in the 1860s and 1870s.  Anaesthesia for surgery had been 
introduced in 1846.  Indeed Lister, as a medical student at University College 
London, had attended the first operation to be carried out in Britain using 
anaesthetics.  So the horrors of pre-anaesthetic surgery were over, but surgery was 
still in a very unsatisfactory state.  The main problem was that, after any operation, 
the wounds instead of healing might become severely inflamed and then turn septic 
producing pus.  Such sepsis, or suppuration, often had fatal results, but it was not 

																																																								
8 In my account of Lister and his work, I have found Godlee (1917) and Harding Rains (1977) very 
useful. 
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[102] known why it occurred.  Harding Rains gives the following vivid description of 
what could typically occur in a hospital in the 1860s (1977, p. 46): 
 
 “And why was there such a danger?  We, today, know the answer – infection 
by bacteria – but Lister and his world did not.  They saw the effects, not knowing the 
cause.  They had to stand and see the skin and flesh around wounds become intensely 
red and hot and swollen.  This suppuration, as they called it, would get worse, the skin 
turning black with gangrene.  Foul-smelling fluid and pus would run out of the patient 
due to the rottenness or putrefaction which seemed to be eating its way into the body.  
The body would become full of poison (septicaemia), causing shivering, high fever, 
wasting of the whole body, which would end in death.  The whole state of affairs they 
called “sepsis”.  It was indeed dreadful sepsis.”  
 

What was the effect of all this on patient mortality?  Mr Erichsen, Professor of 
Clinical Surgery at University College London, published a booklet on the question:  
‘Hospitalism and the Causes of Death after Operations’ in 1874.  As regards death 
after amputations, he regards a mortality rate of 24-26% as ‘a very satisfactory result’.  
This ‘very satisfactory result’ occurred at University College Hospital.  Similar levels 
were achieved at the Pennsylvania Hospital and the Massachusetts General Hospital 
in Boston.  However the rate at the Edinburgh Infirmary was 43%, at the Glasgow 
Infirmary 39%, in Paris around 60%, in Zurich 46%.  In military field hospitals the 
mortality rate for amputations was 75-90%.  A few years earlier in 1871, Sir James 
Simpson, who had introduced chloroform as an anaesthetic, published a series of 
articles on ‘Hospitalism’, in which he made the famous claim that “the man laid on 
the operating-table in one of our surgical hospitals is exposed to more chances of 
death than the English soldier on the field of Waterloo.” 

Harding Rains is quite correct to say that the cause of sepsis, or suppuration, 
was not known in the early 1860s.  Nonetheless there were theories of sepsis at that 
time.  Surgeons had to concern themselves a good deal with broken bones.  Such 
fractures were divided into simple and compound.  In a simple fracture, the skin 
remained intact; whereas in a compound fracture the bone penetrated the skin.  The 
prognosis in the two cases was very different.  Simple fractures could normally be set, 
and then healed up without any problems.  Compound fractures, however, usually 
became septic so that amputation of the limb could not be avoided.  These facts 
suggested that exposure to air was one of the causes of sepsis, and one theory was that 
sepsis was brought about by oxidation.  We know Lister’s own views in the early 
1860s because he wrote some notes on suppuration on 12 December 1861.  These 
have survived, and in them Lister concludes that bodily fluids after they have been 
acted on by air acquire chemical properties which cause suppuration.  This kind of 
approach was supported by the general background in science and medicine of that 
time.  In medicine, it was believed that many diseases were caused by miasmas, or 
bad airs; while chemistry was one of the leading sciences of the time.  All this 
suggested that suppuration was a chemical process initiated by exposure to air. 

The only problem with this theory was that it seemed to make it almost 
impossible to prevent suppuration, since in most operations air could not be excluded 
[103] from the wounds.  Lister’s two teachers – Liston and Syme – tried to devise 
ways of dressing wounds which would keep out air.  Liston used water dressings, and 
Syme dry dressings.  Lister tried both, but without much success.  The problem of 
sepsis appeared to be insoluble. It was this situation that stimulated Lister to challenge 
the dominant miasmatic paradigm of disease.  Lister had a colleague at Glasgow, 
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Thomas Anderson, who was Professor of Chemistry.  In 1865, Anderson suggested to 
Lister that he should read some interesting recent papers by a French chemist, Louis 
Pasteur, who had been doing research into fermentation.  It was the study of Pasteur’s 
work, which gave Lister the clue to solving the problem of sepsis. 

Up to 1856, fermentation had been thought to be a chemical process – a 
theory, which went back to Lavoisier.  However, in 1856, Pasteur who was then 
Professor of Chemistry at Lille did some research into the production of ethyl alcohol 
by fermenting beet sugar.  Pasteur concluded that fermentation is not a chemical 
process, but is brought about by a micro-organism (yeast).  He published his results in 
1857 in his Mémoire sur la fermentation appellée lactique, and this led in the next 
few years to the majority of the scientific community coming to accept the micro-
biological theory of fermentation. 

Another important result, which Pasteur had shown before 1865, was that the 
air is full of microbes, which float on dust particles. 

We can now reconstruct how the study of Pasteur’s writings influenced Lister.  
Lister’s work on wound sepsis had suggested that air was an important factor in 
causing suppuration; but he still thought that this must be due to chemical changes 
produced by the air.  On reading Pasteur, however, he rapidly reached the conclusion 
that it was not the air itself but micro-organisms contained in the air which were 
responsible for wound sepsis.  This is how Lister himself puts it in his 1867 paper:  
On the Antiseptic Principle of the Practice of Surgery, p. 133: 
 
 “To prevent the occurrence of suppuration with all its attendant risks was an 
object manifestly desirable, but till lately apparently unattainable, since it seemed 
hopeless to attempt to exclude oxygen which was universally regarded as the agent by 
which putrefaction was effected.  But when it had been shown by the researches of 
Pasteur that the septic properties of the atmosphere depended not on the oxygen, or 
any gaseous constituent, but on minute organisms suspended in it, which owed their 
energy to their vitality, it occurred to me that decomposition in the injured part might 
be avoided without excluding the air, by applying as a dressing some material capable 
of destroying the life of the floating particles.  Upon this principle I have based a 
practice of which I will now attempt to give a short account.” 
 
Lister’s aim was to find some way of keeping airborne microbes out of wounds.  In 
principle he could have done this by heating, filtration, or the use of chemical 
antiseptics; but in practice he regarded the last option as the only feasible one.  For his 
antiseptic, Lister chose carbolic acid, which had been used as a disinfectant in dealing 
with sewage in Carlisle, and was easily available.  His first attempts at antiseptic 
surgery in March 1865 consisted of an operation on the wrist and a compound 
fracture.  Both failed and this led Lister to further reflection and refinement of his 
technique.  This resulted in his first striking success on 12 August 1865. 

The patient was an eleven-year-old boy, James Greenlees, who was brought to 
Glasgow Infirmary with a compound fracture of the leg, caused when he was run 
[104] over by a cart.  The boy was anaesthetized with chloroform, and the wound 
washed out thoroughly with a solution of carbolic acid in linseed oil.  It was then 
dressed with a mixture of putty and carbolic acid, the putty being used to hold the 
antiseptic in place.  This dressing was extended some distance from the wound, and 
covered with tin foil to help prevent evaporation of the carbolic acid.  Finally, the leg 
was splinted, with bandages to hold both splint and dressing in place. 
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Four days late the dressing was removed.  The skin was very sore, but there 
was no sign of putrefaction.  Normally suppuration would have begun by this time.  
So it was an encouraging sign.  Lister repeated the dressing and waited five days.  
During this time, the boy’s temperature remained normal, and he did not lose his 
appetite.  When this dressing was removed, the skin around the wound had been 
burned by the carbolic acid.  A final carbolic acid dressing was applied, and left for 
another four days.  By this time, the wound had begun to heal, and Lister judged that 
the risk of suppuration had passed.  He applied a water dressing, to give the skin 
burned by the acid a chance to heal as well.  Six weeks and two days after his 
accident, James Greenlees left the hospital with two whole legs – a remarkable 
achievement for the time. 
 
 
5. Combinations of Tech first and Tech last 
 
So far I have emphasised the difference between tech first and tech last scientific 
revolutions.  The distinction between tech first and tech last is indeed an important 
one, but many scientific revolutions can be considered as involving both patterns.  
This is partly because scientific revolutions very often have different phases, and 
partly because it is often difficult to decide how exactly a scientific revolution should 
be characterised.  I will now give an example of each of these two situations. 

The Copernican revolution can be divided into at least two phases. The first 
begins with the publication in 1543 of Copernicus’ De Revolutionibus Orbium 
Caelestium.  I would classify this as a tech last beginning.  By 1500, Europeans had 
discovered America and also a sea route to the East Indies.  During Copernicus’ 
lifetime regular long-distance seaborne trade was established between Europe and 
these regions.  Now such trade provided a powerful stimulus to seek an improvement 
in navigation, and, since navigation was largely carried out by observing the heavens, 
this in turn produced a stimulus to create a better astronomy and more accurate 
astronomical tables.  The first phase of the Copernican revolution was successful in 
this.  In 1551, Copernicus’ work was used by Reinhold to compile a new set of 
astronomical tables, known as the  Prutenic tables, after Reinhold’s patron the Duke 
of Prussia.  Once Kepler had improved the Copernican theory by his new laws of 
planetary motion, he applied this new theory to compile a new set of astronomical 
tables.  These were known as the Rudolphine tables after Kepler’s patron, the 
Emperor Rudolph, and were published in 1627.  As Kuhn says (1957, p. 219): “ … 
the Rudophine Tables were clearly superior to all the astronomical tables in use 
before.” [105]  

Despite these successes, the first phase of the revolution did not really bring 
the revolution to completion, because the work of both Copernicus and Kepler could 
be, and was, interpreted instrumentally as merely giving mathematical techniques for 
better computation of the position of heavenly bodies without implying anything 
about the real nature of the universe.  To complete the revolution, a second phase was 
needed and this opened with the telescopic observations of Galileo. 

As I have argued in section 3, the second phase of the Copernican revolution 
was tech first – the new technology being the telescope.  Thus the Copernican 
revolution as a whole involves both the tech last and the tech first pattern. 

I now turn to my second example of a combination of tech first and tech last.  
In section 4, I analysed a revolution in medicine as tech last.  However, the 
developments of that period could perhaps be analysed not just as a revolution in 
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medicine, but rather as a revolution in the bio-medical sciences of which the 
revolution in medicine was just a part.9  On this analysis, we could take the revolution 
as beginning with Pasteur’s new explanation of fermentation of 1857, this being the 
first instance of the replacement of a purely chemical explanation by one involving 
microbes.  This general bio-medical revolution initiated by Pasteur is a tech first 
revolution, the new technology being the microscope.  Microscopes had been much 
improved in the first half of the 19th century with the elimination of chromatic and 
spherical aberration.  Interestingly Lister’s father played an important part in these 
developments.  By the 1850s good quality microscopes were readily available, and 
Pasteur, who had been trained as a chemist, started using one in his laboratory.  This 
was an unusual step for as Debré says (1994, p. 87): 
 
“… he broke new ground, or rather went against the customs and habits of the 
chemists by bringing in the microscope. 
 To bring a microscope into a biochemical laboratory is a relatively 
incongruous thing to do, even today.  At the time it was a quasi-revolutionary act, the 
more so since Pasteur did not know what he was looking for, and barely what he was 
looking at …” 
 

However, it was the discoveries which Pasteur made by looking through his 
microscope which led to his new theories of fermentation and putrefaction.  So we 
can analyse the general bio-medical revolution which introduced microbe theories, as 
falling into two phases.  The first phase, initiated by Pasteur was tech first, while the 
second begun by Lister was tech last. 
 
 
6.  Testing the Theory 
 
It is always good to test a theory, and so, having proposed a theory as to why 
scientific revolutions begin, it is desirable to look for some way of testing this theory, 
a way which could be applied to any other theory of why scientific revolutions [106] 
begin.  Now questions have already been raised with regard to the Copernican 
revolution as to why it occurred when and where it did, that is to say in Europe in the 
16th and 17th centuries.  There are other times and places where this revolution might 
have occurred, but did not.  In particular two candidates suggest themselves. 
 
(i)  The first is the ancient Greek world in the period roughly 300 to 200 BC.  We 
know that in this period (probably around 280 BC), Aristarchus proposed a theory of 
the cosmos in which the Earth rotated on its axis and moved in an annual orbit round 
the Sun.  (I will refer to such a theory from now on as a heliocentric theory.)  No 
exposition of this theory has survived, but we know of its existence from the writings 
of Archimedes and others (see Dreyer, 1953, pp. 135-141 for details).  Yet this theory 
did not lead to a scientific revolution in the ancient Greek world, whose last 
cosmological system, produced by Ptolemy in roughly the period 125 AD to 150 AD, 
is still geocentric. 
 

																																																								
9	This possibility was suggested to me by some comments made by Avinash Puri on an earlier draft of 
this paper.  
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(ii)  The second is Asia (India or China) in the 16th and 17th centuries.  At this point, 
Asia was just as wealthy and, in most respects, just as technologically advanced, if not 
more so, than Europe.  Why then did the Copernican revolution occur in Europe 
rather than in India or China?  This problem is sometimes known as the Needham 
problem, because it was first formulated by Needham in his 1956 paper, and then in 
Volume III (1959) of his Science and Civilization in China.  Needham concentrates 
on the comparison of Europe and China, and I will here follow him in this, though it 
would be interesting for further research to look at the cases of India, Japan, and other 
areas in Asia. 

Needham’s formulation of the problem is rather different from the one given 
here.  In his 1956 paper, he does not refer to the Copernican revolution, and indeed 
the only mention of Copernicus in the paper is in connection with Copernicus’ work 
on monetary reform (Needham, 1956, p. 341).  Instead, Needham speaks of (1956, p. 
329): “The birth of the experimental-mathematical method, which appeared in almost 
perfect form in Galileo…”.  

The analysis of the Copernican revolution, given in section 5, makes it fall 
into two phases.  The first beginning in 1543 with the publication of Copernicus’ De 
Revolutionibus, and the second in 1610 with Galileo’s telescopic observations.  This 
second phase was needed to carry the revolution through to a successful conclusion.  
So Galileo does figure in an important way in my account, but, here again, there is a 
difference from Needham, who does not mention Galileo’s telescopic observations in 
his 1956 paper.  Despite these differences with Needham himself, I will refer to the 
question of why the Copernican revolution occurred in Europe and not in China as the 
Needham problem. 

I will now examine whether the theory proposed as to why scientific 
revolutions begin can provide a solution to the Aristarchus problem and the Needham 
problem.  As was argued in earlier in the paper, the theory, as applied to the 
Copernican revolution, divides that revolution into two phases.  The first phase, which 
began with the publication of Copernicus’ De Revolutionibus, was tech last.  A tech 
last revolution begins with a pressing practical problem, which is not easy to solve 
within the existing paradigm.  This situation suggests to some researchers [107] that it 
might be worth trying to change this paradigm, and that, within a new paradigm, the 
practical problem might be easier to solve.  If the revolution is successful, the 
acceptance of the new paradigm enables new technologies to be developed which 
solve the practical problem.  In the case of the Copernican revolution, the practical 
problem arose because of the establishment of long-distance, indeed global, seaborne 
trade.  This produced a stimulus towards the development of better navigation, which 
in turn produced a stimulus to produce a better astronomy and more accurate 
astronomical tables. 

The second phase of the Copernican revolution was tech first.  Technological 
developments, which will be described below, led to the creation of the telescope, 
and, using the telescope, Galileo made a whole series of discoveries of new objects, 
whose existence had not previously been suspected.  The existence and behaviour of 
these objects could be explained much more easily within the new heliocentric 
paradigm than within the old geocentric one.   

Thus the key factors in starting the Copernican revolution and carrying it 
though to a successful conclusion were (a) the existence of long-distance (global) 
seaborne trade, and (b) the invention of the telescope.  In the absence of these factors 
we would not expect a shift from the geocentric to the heliocentric view to occur. 
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Turning now to Aristarchus, we can easily see that neither of the factors (a) or 
(b) were present in the ancient Greek world in the period 300 BC to 200 BC, when 
Aristarchus produced his heliocentric theory.  Sea borne trade certainly existed at that 
time, but it was confined to the Mediterranean Sea.  Geocentric astronomy was quite 
adequate for navigating in that confined sea, and so there was no stimulus to produce 
a better, more accurate, astronomy.  As for the telescope, not only did it not exist, but 
the basis for creating it, namely a developed glass manufacturing industry, did not 
exist either.  Indeed it was not even known how to produce clear glass in the period 
300 BC to 200 BC.  To show how the technological situation changed between the 
time of Aristarchus and that of Galileo, I will now briefly sketch the development of 
the glass industry. 

In the ancient world the glass industry was first developed under the Roman 
Empire, and, then after the interlude of the dark ages, it was further developed in the 
Feudal era.  Neither the Roman nor the Feudal periods contain very exciting 
developments in theoretical science, but they do contain considerable advances in 
technology.  To some extent, technology can develop independently of theoretical 
science, though there often comes a time when further technological advances do 
require, as a prerequisite, significant theoretical developments.   

Turning now to the development of the glass industry, two important 
technological innovations occurred in the first century AD.  The first was the 
introduction of the new technique of glass blowing.  The second was the production 
of colourless or ‘aqua’ glass.  These innovations enabled glass to be produced on a 
large scale, and glass became a common material in the Roman world.  It was used 
for tableware, both drinking vessels and vessels to contain liquids.  A great deal of  
Roman glass survives to this day. 

With the fall of the Roman Empire in the West and the coming of the Dark 
Ages, much glass making disappeared.  For example, glass had been produced on 
[108] quite a considerable scale in Roman Britain, but the material almost disappeared 
during the Dark Ages in Britain.  However, enough technical knowledge of how to 
make glass survived during the Dark Ages in places such as Torcello near Venice to 
make another advance possible once the Feudal system had become established 
throughout Europe. 

With the revival of trade and industry in Western Europe in the 11th century, 
glass manufacture was developed and improved.  It was possible by the 12th century 
to produce the stained-glass windows of the great cathedrals.  In the 14th century, the 
use of glass windows in houses became common (cf. Bishop, 1971, p. 213). 

The Arabs made lenses in the 11th century.  Someone in Western Europe 
(perhaps an Italian around 1286) had the idea of attaching two lenses to a frame to 
produce a pair of spectacles.  Techniques had advanced to the point where cheap clear 
glass could be produced, and so the stage was set for the development from 1300 of a 
spectacle-making industry.  This naturally required the trade of lens grinder. 

One of the main European centres for both glass production and spectacle-
making was Venice, where production was concentrated on the island of Murano.  
Already in 1301, there were guild regulations in Venice governing the sale of 
eyeglasses.  Pictures of people reading with eyeglasses appear in Italy by 1352, and 
north of the Alps in Germany by 1403.  Eyeglasses must have had a big impact on 
life, and, in particular, increased the productivity of many workers.  Previous to their 
invention, anyone with defective vision would have been excluded from reading and 
writing, and also from carrying on many artisanal activities.  The use of spectacles 
could open up these activities to more people and also allow many with initially 
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sound vision to continue these activities for much longer, since vision usually begins 
to decline after about fifty. 

Given these developments, it is really rather remarkable that the telescope did 
not appear until the 1600s.  Since lenses for spectacles were being regularly produced, 
it needed only a little experimentation with combinations of two lenses to arrive at the 
telescope. 

Galileo was in the Venetian republic at the time of his telescopic discoveries.  
Throughout his life, Galileo kept in touch with manufacturing industry and artisans.  
At the beginning of his Two New Sciences of 1638, he describes the work of artisans 
in the Venetian arsenal, and he must have been familiar with the Venetian glass 
industry as well.  He was therefore in a good position, when he heard reports of the 
telescope from the Low Countries, to have one produced and appreciate its value.  
This account of the development of the glass industry shows how impossible it would 
have been for anyone around 200 BC to have invented a telescope. 

Let us now turn to our second case, that of China and the Needham problem.  
As before we have to consider whether the two factors which we have analysed as 
being crucial to the beginning and eventual success of the Copernican revolution were 
present in China in the 16th and 17th centuries.  The first of these factors was the 
existence of long-distance (global) seaborne trade.  Now here developments in China 
are of considerable interest (see Gernet, 1972, pp. 398-405).  Gernet is of the opinion 
that at the beginning of the 15th century, the Chinese were technically superior to 
[109] the Europeans as regards the capacity to make long voyages on the high seas 
(Gernet, 1972, pp. 398-9).  Gernet is probably right about this, because two crucial 
improvements in European maritime technology, namely the compass and the 
sternpost rudder came from China. (See Bernal, 1954, pp. 317-319). At all events, 
seven big Chinese maritime expeditions took place in the years 1405 to 1433.  These 
expeditions comprised several dozen very large junks, carrying over twenty thousand 
men, and were headed by the admiral Cheng Ho.  They visited Java, Sumatra, India, 
Persia, Arabia and the East Coast of Africa.  These expeditions might have been the 
preliminary to establishing large-scale seaborne trade between China and these 
regions; but this did not occur.  The expeditions marked the highpoint of Chinese 
maritime involvement, and, after 1433, the emperor and his ruling circle decreed a 
policy of withdrawing from seaborne activities. 

The contrast with Europe is remarkable.  In 1434, the year after Cheng Ho’s 
last expedition, the Portuguese rounded Cape Bojador in Western Africa.  Their ships 
were unsuited to further expeditions to the South, but, after 1440, the Portuguese 
developed the lateen-rigged caravel, which enable them to continue their voyages 
further down the coast of Africa.  In 1487, Bartholomew Diaz rounded the southern 
tip of Africa (the Cape of Good Hope), and then in 1497 Vasco da Gama sailed round 
Africa to India, establishing a sea route to the spice islands of the East Indies.  
Meantime in 1492, Columbus had discovered the West Indies.  Moreover, these 
voyages of exploration and discovery were followed by the establishment of regular 
seaborne long-distance trade.  According to Davis’ analysis of Spanish trade in the 
16th century, there were (1973, p. 63): “forty thousand tons of shipping going to 
America each year in the 1540s, rising to a peak of four times that level at the end of 
the century.”  In addition, of course, there was a considerable European eastern trade 
with Africa, India, and the East Indies.  All this long-distance seaborne trade provided 
a powerful stimulus for the improvement of navigation, and hence of astronomy.  This 
stimulus was missing in the land-based China of the same period. 
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Let us now turn to the second key factor in the Copernican revolution – the 
invention of the telescope.  Here again, the results are interesting.  Glass was 
produced in China, but its use was limited to making beads, and decorative plaques 
and disks.  Moreover, archaeological evidence shows that such glass objects were 
rare.  The Chinese, in contrast to the Romans, never used glass for tableware, and, as 
a result, there was no development of a major glass industry in China.  The reason for 
this situation was that the Chinese concentrated on the production of ceramics and 
metal work, and in these areas they were much more advanced than the Europeans. 

Without a basic glass industry, however, there was no development of lenses 
and eyeglasses in China.  Eyeglasses are first mentioned in China in the 15th century, 
and it is stated that these were imported.  There was thus no industrial basis for the 
invention and development of the telescope in China. 

This then is my suggested solution to the Needham problem of why the 
Copernican revolution occurred in Europe and not in China.  It is interesting to 
contrast this with the solution proposed by Needham himself.  Needham writes (1956, 
p. 343): [110] 
 
“Interest in Nature was not enough, controlled experimentation was not enough, 
empirical induction was not enough, eclipse-prediction and calendar-calculation were 
not enough – all of these the Chinese had.  Apparently a mercantile culture alone was 
able to do what agrarian bureaucratic civilization could not – bring to fusion point the 
formerly separated disciplines of mathematics and nature-knowledge.” 
 

This passage is by no means inconsistent with the view presented here.  I have 
claimed that a key factor in the origin of the Copernican revolution was the 
establishment of long distance (global) seaborne trade.  But why did the Europeans 
establish this kind of trade, but not the Chinese?  As we have seen, the Chinese did 
have all the technical skills needed to make long-distance ocean voyages.  So the 
technological factor is not crucial here, and we should look instead at social factors.  
Now the profits of long distance seaborne trade went mainly to the merchant class.  
So, perhaps, as Needham seems to suggest, the merchant class was unable to pursue 
its interests in that direction because of its subordination to the ruling scholar 
bureaucrats, whose interests were mainly landed.  By contrast, the merchant classes 
may have been stronger in Europe relative to the landed classes.  However, these 
conjectures take us away from questions about the development of science and into 
general questions concerning social and economic history.  I will not therefore pursue 
them further here.  
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