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INTRODUCTION

DUR.ING the eighteenth century Europeans embarked on a revolutionary phase of e
non'ruc growth and social change, the full environmental cost o
beginning to recognize. Breaking free from an essentially subsistence economy to
embrace the market and long-distance trade, they led the world into sustained econoy i
growth. This has allowed the unprecedented phenomenon of long-term po ulat?z)lc
Increase in tandem with a rising standard of living; previously one type of Pain haz
always been at the other’s €xpense, as never before had it been possible to exg and a
ecgnomy fast enough to accommodate both.! The causes of this shift into sustfined ( r;
ultimately unsustainable) economic growth are still debated, but there can be no d fit
that the fundamental driver has been technological change. In this chapter, weoxill

explore the nature of those new technologies and reasons why Europeans began to i

(literally and metaphorically) in technical innovation, ° g
At the core of Europe’s economic

techniques necessary to exploit the

s of which we are only just

growth was its discovery of new resources and the

m. Medieval Europe’s principal resource had been i
i n its
land. Wealth and power in feudal society rested on the tenure of land, and everyone’s

livelihood was totally dependent on it.2 Agriculture and the processing of its produce
ernpl‘oyed the vast majority of the population: it fed, clothed, and shod them (iII)l wool-
len, linen, and leather garments) and it provided them with fuel (wood), kinetic ener

(fodde.r for horses and oxen, supplemented by watermills and windmilis) and timbgl}‘f
the primary structural material for buildings, ships, tools, and furniture, )Largely self—’

r than metal goods (smelted with wood
s. Transport was expensive, and the small

’ y items for the rich minority. Medieval
Europe’s technology was by no means unsophisticated (as witnessed by its cathedrals),
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but its gains in land productivity tended to be labour-intensive and more hands (or
horses) meant more mouths to be fed from a resource that was subject to diminishing
returns. In many parts of Europe, particularly in the south and east, major elements of
this organic technology persisted long into the twentieth century, before being over-
taken by new methods powered by, or made with or from, fossil fuels.

Yet, since the late fifteenth century (when Europe finally recovered from the serial dep-
redations of plague and bad harvests), its population has grown exponentially while
simultaneously enjoying rising levels of material comfort. Although this new trend was
scarcely visible before 1750, population increase became (worryingly) evident thereafter
and widespread improvements in living standards followed about a century later. Initially,
this European achievement was facilitated by technologies that allowed international
trade and the conquest and settlement of other continents—ocean-going sailing ships and
navigational instruments, guns, horses, and agriculture, not forgetting the leg-irons and
chains that disciplined its slave labour. From these new trades emerged the desire for
exotic groceries (sugar, tea, coffee, chocolate, tobacco) and new consumer goods (cottons,
silks, porcelain, etc.) that could be imitated by Europe’s craftsmen.? Subsequently, this
growing demand provoked the mechanization of industrial and agrarian processes, pow-
ered by new, underground sources of energy that were independent of the land surface—
coal, and later, oil, gas, and the electricity generated chiefly from fossil fuels—and the
manipulation of new chemicals also largely derived from minerals. It created a demand
for many new skills (e.g. in engineering or mining) and rendered others obsolete.

Historians are still discussing what, at this juncture, prompted Europeans increasingly
to turn to innovation as their preferred means of resolving problems and improving their
material conditions. Undoubtedly, the world-view of late medieval Europe was seriously
destabilized from several directions. Renewed contact with the ideas and technologies of
the ancient Greeks and Romans during the renaissance, the Copernican ‘revolution’ in
astronomy, the ‘discovery’ of the New World and increasing communication with the Far
East, and the challenge to authority posed by the Reformation, all suggested there were
alternative, perhaps better, ways of doing things and new knowledge to be obtained
through experiment, ingenuity, and bravado. Within Europe, the demands of emerging
nation-states for novel types of expertise and the migrations of craftsmen generated by the
wars of religion and waves of persecution consequent upon the Reformation, not to men-
tion the stimulus both politics and religion gave to the multiplication of printing presses,
all promoted the dissemination and cross-fertilization of ideas.

THE CONTOURS OF TECHNICAL
PROGRESS, C. 1300-1800

Technological change was central to the process of European expansion and
development of international trade. Without critical improvements in naviga-
tional techniques and instrumentation, in ship design and production, and in
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firearms, the process of European expansion would have been impossible. The
origins of many of these improvements remain obscure; undoubtedly some were
Asian. For example, the magnetic compass was evidently in use by 1300 but the pre-
cise date and place of its invention are unknown. Its adoption promoted the system-
atic use of instrumentation and portolans (nautical charts with detailed indications
of winds, tides, depths, etc.). Similarly, the origins of the caravel and the carrack
(the first successful oceanic ship designs) are unclear. Both designs represent a
remarkably fruitful marriage between Mediterranean and Nordic maritime tradi-
tions, which emerged from a continuous phase of empirical tinkering (reinforced
by imitation and exchanges of best practices) around 1300.* Very rapid progress in
shipbuilding techniques and ship design continued throughout the seventeenth and
eighteenth centuries, mostly thanks to empirical improvements, although there
were attempts, especially in France under Colbert, to introduce a more scientific
approach to naval architecture.® This trajectory culminated in the late eighteenth-
century ‘ship of the lin€’ (a warship equipped with up to 100 guns)—an artefact of
almost unparalleled sophistication. During the Napoleonic Wars, Britain’s Royal
Navy undertook the construction and maintenance of these ships in its own dock-
yards, which pioneered early forms of mass production that employed machine
tools and other specialized machinery. These naval dockyards were easily the big-
gest industrial establishments of the time, far ahead of other large-scale industrial
employers, such as mines and breweries.S

Such technical improvements were facilitated by expansion in both mercantile and
military navies. During 1500-1780, western Europe’s merchant fleet grew from approxi-
mately 200,000 tons to over 3 million tons, almost a tenfold increase per inhabitant (see
Table 26.1). Considering that throughout the same period most European economies
experienced relatively sluggish growth of income per head, this evidence points to ship-
building as one of the continent’s most dynamic industries.”

By contrast, very limited progress was attained in land transport during the early
modern period. As Fernand Braudel remarked: ‘Napoleon moved no faster than Julius
Caesar’® During the eighteenth century, the expansion of inland waterways facilitated
the bulk transport of low value to volume goods, such as timber, coal, ores, and grain,
while road-building programmes (both state and private) and improvements to car-
riages expedited the circulation of people, posts, and news. The installation of optical

Table 26.1. The West European merchant fleet, 1500-1780

Year Total fleet (000s tons) Tonnage per 1000 inhabitants
1500 200-250 3.2-4

1600 600-700 7.7-9

1670 1000-1100 12.8-14.1

1780 3372 30.7

Source: Van Zanden (2001: 82)
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telegraph posts, primarily for military purposes, and the intense excitement generated
by early ballooning that was consequent upon the Montgolfier brothers’ successful
experiments in 1783, testify to the demand for greater speed and range. Until, however,
the construction of national railway and electric-telegraph networks in the mid-
nineteenth century, everyday communications remained slow and expensive and
markets overwhelmingly local.’

The second critical area of strategic importance for Europe’s ascendancy was weaponry.
Its adoption of gunpowder was coupled with a rapid development of firearms. The emer-
gence of nation-states and the almost continuous military competition between them pro-
duced a strong, steady demand throughout the continent. Although gunpowder had been a
Chinese invention, when the Portuguese reached China in the early sixteenth century their
guns were greatly superior to those that met them. Since then, the production of artillery,
firearms, and gunpowder in Europe experienced sustained productivity growth. Possibly
even more important than that were inventions which improved the fighting performance
of firearms, such as the flintlock, the paper cartridge, and the bayonet, making it possible to
replace pikemen with soldiers carrying guns. According to Parker, the rapid spread of
increasingly destructive weaponry, combined with the growing size of armies, produced a
European ‘military revolution’ that was crucial to its expansion. In order to survive, the
newly emerging European states had to mobilize and manage armies and navies of unprec-
edented size and destructive capacity. In this way, the West’s recently acquired technological
edge in weaponry was coupled with substantive organizational advantages."

The emergence of a distinctive European pattern is also to be found in power genera-
tion. While the watermill was known at least from Roman times, its widespread adop-
tion began during the middle ages. Initially, the product of determined attempts by
feudal lords to enforce their seigniorial rights (the monopoly of milling was one of the
most ancient and widespread),”! the use of watermills expanded from the primary
method for grinding corn to a variety of applications, such as metal manufacturing,
‘fulling’ woollen cloth, paper making, food and drink production, etc.?

Makkai’s estimates of the growth of water power in pre-industrial Europe suggest a
process of moderate but steady growth in horsepower per head (Table 26.2), but other
counting exercises indicate a more rapid increase.”* His estimate of the power output of
watermills around 1800 is probably also too low: according to Reynolds, the average
power of eighteenth-century water-wheels was between 5 and 7 HP."

The mechanical energy produced by water and windmills represented only a very
small share of the total,'® which continued to be supplied principally by human and

Table 26.2. Number and power of European water-wheels, 1200-1800

Year No. of water-wheels Average power (HP) HP per head
1200 300,000 2 0.008
1800 750,000 3 0.012

Source: Makkai (1981: 178); see also Malanima (2009: 74).
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animal muscle until the mid-eighteenth century. Nonetheless, it is important to
acknowledge the increasing availability of inanimate sources of power, for a wide range
of production activities, before the classical period of the industrial revolution.

Power from inanimate sources was rapidly becoming indispensable in the mining sector.
The seventeenth century saw intensive growth in Europe’s extractive industries (coal, iron,
tin,and copper), which emphasized the problem of mine drainage. Without effective techni-
cal solutions to this problem the exploitation of deep ore deposits would have been impossi-
ble. Consequently, while European engineers increasingly focused on the design and
improvement of water-powered mining pumps, it was in response to this challenge that the
early steam engines were developed in south-western England by Savery and Newcomen
¢.1700. Estimates by Kanefsky and Robey indicate that 48.6 per cent of all the steam engines
installed in Britain during the eighteenth century were used for mining purposes (pumpmg
water or hauling ore to the surface).!®

Traditional accounts of British industrialization have tended to conflate the economic
significance of steam-power technology with its early development.”” For example,
Rostow dated Britain’s take-off to the years 1783-1802, linking it explicitly with the com-
mercialization of the Watt engine. However, the diffusion of steam power, even in a pre-
cocious coal-abundant user such as Britain, was along and protracted process. Table 26.3
reports Kanefsky’s estimates of the use of steam in comparison with wind and water
power in manufacturing and mining, at various dates between 1760 and 1907.

It shows that, as late as 1830, steam power was yet to become the predominant source
of power." The early phases of industrialization were accommodated by the expansion
and ‘stretching’ of the traditional mixture of water, wind, animal, and human power."

Although still in its early stages, another technological trend that characterized the
early modern European economy was the increasing use of machinery for productive
processes. From self-regulating cathedral clocks to Gutenberg’s printing press and
William Lee’s stocking knitting-frame, these sophisticated mechanisms were indica-
tive of the highly developed mechanical skills and ingenuity available in renaissance
Europe wherever new degrees of precision or levels of output were sought. It was only,
however, once such mechanisms were harnessed to inanimate sources of power in the
late eighteenth century that their capacity to expand and cheapen production began

Table 26.3. Sources of inanimate power in use (HP) in Britain
(mainly mining and manufacturing)

Year Steam (%) Water (%) Wind (%)
1760 5000 5.88 70 000 82.35 10 000 11.76
1800 35000 20.59 120 000 70.59 15 000 8.82
1830 160 000 47.06 160 000 47.06 20 000 5.88
1870 2 060 000 89157 230 000 10.00 10 000 0.43
1907 9 659 000 98.14 178 000 1.81 5000 0.05

Source: Kanefsky (1979: 338).
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to be fully realized. With access to rapidly growing markets in Africa and America as
well as at home, Britain’s cotton textile industry pioneered numerous attempts to
mechanize production.?® Devices invented to increase the productivity of domestic
(‘proto-industrial’) spinners and weavers, such as Hargreaves’s spinning jenny and
Kay’s flying shuttle, were quickly surpassed by the factory-based machines driven by
water or steam: Arkwright’s water-frame, Crompton’s spinning mule, Cartwright’s
power loom, and Peel’s cylindrical cotton-printing machinery. These prototypes
showed the way to a generation of entrepreneurs, who hurried not only to install them
but also to improve and diversify them, to extend their use to other fibres, and, in
some cases, to manufacture them.

The machine-making industry became a major source of innovation, both increasing its
own productivity by the development of powered machine-tools and helping to dissemi-
nate mechanization throughout the industrial sector and, later, agriculture. By the early
nineteenth century, its customers included the paper and printing industries, which were
meeting the burgeoning demand for everything from stationery and tracing paper to news-
papers, books, and pamphlets by installing water- and steam-powered machinery and
presses. Machine-makers recruited many skilled workers from the horological and instru-
ment-making trades, where accurate methods of cutting and shaping metals (and grinding
glass) were highly prized. In their turn, these trades, hitherto dependent on a small, luxury
market for scientific instruments and watches, found new opportunities to diversify their
products and expand: transport projects and maritime trade required numerous surveying
and navigational instruments; the fiscal state invested heavily in measuring equipment;
manufacturers experimented with thermometers or pyrometers; and middle-class house-
holds increasingly expected to own clocks, microscopes, barometers, globes, and (soon)
pianos. Vital to industrialization, the instrument trades remained, however, workshop-
based and unmechanized. The introduction of the dividing engine in the late eighteenth
century, the greater division of labour, and the steady accretion of skills gradually increased
their productivity but expansion came chiefly through the entry of new firms.*

While metal-working and glass-making skills were indigenous to early modern
Europe, the import of Asian luxuries, such as Indian silks and fine cottons or Chinese
porcelain triggered the search for techniques to replicate them and capture the market.
One strategy was to discover and copy the secrets of Asian manufacturers. Intensive
experiments with different clays and kilns, for example, led in 1710 to the establishment
of Europe’s first hard porcelain manufacture at Meissen in Saxony. Together with a few
rival factories across the continent it largely ousted China in supplying this exotic luxury
to the wealthy. Another strategy was to develop new ceramic bases and glazes in imita-
tion of porcelain but, by employing cheaper materials and more efficient methods of
production, to manufacture a distinctly European product for a middle-class market.
One of its most successful exponents was Josiah Wedgwood, the Staffordshire potter
whose high-quality stoneware incorporated fashionable neo-classical designs. It was
produced with an extensive division of labour that minimized the need for skilled work-
ers,and was marketed through innovative techniques, including a West End showroom,
newspaper advertisements, and celebrity endorsements. Where Wedgwood led, many
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others followed. Matthew Boulton, prominent in the Birmingham ‘toy’ trades, simulta-
neously reorganized the production and marketing of small metalwares. Birmingham
workshops thrived by experimenting with new finishes, such as silver plating, ‘ormoly’
and lacquered (‘japanned’) papier maché.??

THE ORGANIZATION OF INNOVATION

The economic and military rivalry between the newly emerging European nation-
states of the early modern period led gradually to the creation of a number of new
institutions whose ultimate goal was the improvement of national innovative per-
formance.” This point has been aptly summarized by Rosenberg and Birdzell:* ‘In
the West, the individual centres of competing political power had a great deal to gain
from introducing technical changes that promised commercial or industrial advan-
tage and hence greater government revenues, and much to lose from allowing others
to introduce them first’

In this respect, the institutional reform that has received most attention from histor-
ians is undoubtedly the creation of patent systems. The roots of this institution are to be
found in the proprietary and exclusionary attitudes towards technological knowledge
and skills that had emerged within the medieval guild system.?* Early modern technol-
ogy was, fundamentally, a matter of ‘expert’ knowledge and skills.? Consequently, the
diffusion of technology was tightly linked with the migration of skilled workers.”
Furthermore, there seems to have existed a widespread awareness among governments
and other authorities of the key role of this migration in the process of technology trans-
fer, because, from the late middle ages, a growing number of laws tried to restrict the
emigration of skilled craftsmen. At the same time, governments introduced measures
aimed at attracting or suborning skilled workers from other countries. One of the com-
monest policies was that of awarding special patents or ‘privileges’ to the importers of
new technologies, which conceded them incentives such as the exclusive right (for a
limited amount of time) to the use of the specific body of knowledge and skills they
brought with them.?

In 1474 the Venetian government enacted a statute that codified such previously
ad hoc practices. This contained, in an embryonic form, several features of modern pat-
ent laws. In particular, Venetian grants depended on the applicant’s ability to fulfil cer-
tain criteria, rather than being subject to the discretion of the authorities: the invention
should offer something of recognized ‘usefulness’ for the state and it should not already
have been made or be known within the boundaries of the Republic. Thus, the two fun-
damental criteria for awarding the grant were established as utility and novelty (which
remain in modern patent systems). The Venetian model of protection and exclusive

privileges spread rapidly to other states, such as the Netherlands, England, and France
(where they coexisted with more direct means of rewarding inventors) . This is hardly
surprising, since the objective of import substitution represented a key component of
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the mercantilist model of political economy. Privileges of invention, by encouraging the
immigration of foreign craftsmen and skilled workers were, in fact, a particularly effec-
tive measure for achieving this goal.”

The evolution of privileges of invention in England is of particular interest.® Here,
they were tarred by association with the crown’s licences of monopoly, which by inter-
fering with established trades triggered a series of protests that culminated in the
Statute of Monopolies of 1624. Yet Parliament made an explicit exemption in the Act
to allow the crown to continue granting patents for new inventions.” The Statute also
introduced a fixed term of fourteen years (corresponding to twice the normal term of
an apprenticeship). The exclusive focus on the protection of inventions has led legal
historians to consider the Statute of Monopolies as the first modern patent law.
Following this cue, Nobel laureate Douglass North argued that its enactment, by
creating an appropriate set of property rights over inventions, constituted the
indispensable precondition behind the acceleration of technical progress that defined
the industrial revolution.”

In fact, the relationship between patents and innovation during the early modern period
was not straightforward. If we limit ourselves to the British case, it is surely true, as sug-
gested by Dutton and Sullivan,” that some of the investments in the development of new
technologies (including the large ‘research and development projects of the water-frame,
spinning jenny, power loom, and steam engine) envisaged their commercial exploitation
within the coverage of patent protection. However, before the mid-nineteenth century
most inventive activity was undertaken outside the purview of the patent system, as
becomes evident through a systematic comparison of patent records with industrial histo-
ries and other sources. First mover advantages and secrecy, in many fields, were effective
tools for appropriating economic returns from inventive activities. This evidence of wide-
spread technical change outside the patent system suggests that views such as North,
which have ascribed to the patent system a critical role in triggering industrialization, are
probably wide of the mark. Moreover, the relationship between patents and innovation is
confounded by the sometimes negative impact of patents on the subsequent improvement
of any given invention, as witnessed by Watt’s prolonged patent for the separate condenser
(1769), which for two decades frustrated the further refinement of steam power, in partic-
ular the development of Hornblower’s compound engine.*

If the development of patent systems is traditionally regarded as an institutional
change that promoted innovation, the resilience of guild systems after 1500 is frequently
seen as an institutional obstacle to the development of new technologies.” This view has
been recently challenged by several scholars, including Epstein who argues that, in a
world of largely tacit technological knowledge, some features of the guild system, such
as apprenticeship regulations, were an effective means of transmitting and consolidating
technical skills.* Epstein contends that the overall contribution of the guild system to
technological progress in early modern Europe was positive. In fact, the traditionally
negative judgement of craft guilds is based on a number of documented instances of
guild opposition to the introduction of specific inventions. Epstein invites us to be
extremely careful in drawing generalizations from these cases. These episodes, rather
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than 4emonstrating an outright hostility to innovation per se, show the guildg
o.pposnion to a specific form of technological progress (typically the use of capital-inte j
sive and labour-saving devices). By contrast, skill-enhancing and capital-saving inVezh
tions were often promptly adopted and developed by the guilds. In fact uﬂ(i
re.gulatlons and practices, by emphasizing the ‘collective ownership’ of skills an:i fech
nical know-how; actively promoted the sharing of technical knowledge, with favour -
1F)le effects on the rate of innovation.”” Since guild inventions typically took the form a%
incremental improvements and refinements to current processes and products th0
tend to be much less visible in the historical records. Epstein’s revisionist view has,be .
reﬁn.ed by Belfanti, who argues that patents and guild prerogatives ought to be seenean
two }nstruments of technology policy that were consciously used in tandem by merS
cantilist states. The guild system offered a way of preserving, protecting, and graduall :
enhancing the repertoire of skills and technical know-how in existing trades, wherea)s’
patents were a means for importing new manufactures and technologies from abroad
In most cases, in order to receive a patent or privilege, the inventor was required to'
.re?fal the secrets of his invention to some authority or directly to a guild or his
indigenous apprentices. i i
into%he guﬂdps}; Siert:ffss In this way, a newly imported technology could be absorbed
Awareness of the critical role of technology for economic and military competitive-
hess le_d to the implementation of a number of other measures intended to stimulate
inventions or encourage technology transfer. The awarding of prizes for specific techni-
cal. attainments (which amounts to a form of technological procurement) is a case in
pqlnt. For example, during the eighteenth century Britain, Spain, and France instituted
prizes for inventions that would allow a correct determination of the longitude at sea. In
ot.her cases, innovative projects and ideas were frequently discussed and implemenied
within the purview of the large ‘military-industrial’ complexes of Ancien Régime states
s, for example, block-making machinery at the Portsmouth dockyards, or the pioneer-
ing attempt to introduce interchangeable-parts manufacturing into the production of
muskets in France following the humiliating defeat the Seven Years War. Nor should we
forget the concomitantly intense industrial espionage, which again reveals the deep con-
cern of these governments with the prevention of technological lacunae that could
irreparably damage the power of the state.®
Another critical institutional novelty in the area of knowledge production that
ha.s attracted historians’ attention is the emergence of ‘open science’. The term ‘open
science’ refers to the set of norms that, since the scientific revolution of the seven-
teenth century, governs the procedures of scientific inquiry, which is perserved as a
collective undertaking based on the progressive accumulation of research findings
Accordingly, they require the timely publication of new research findings whicH
pel.'mits other practitioners both to rigorously check the validity of results) and to
build on them in new inquiries. In this system, the chief incentive is represented by
the. rewards attached to the enhancement of the scientist’s reputation when his/her
claims of priority in a new discovery are acknowledged by the relevant peer com-
munity. Paul David has traced the origins of open science norms to the aristocratic
patronage system of arts and science of the renaissance courts,* which arose, he
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suggests, from two motives. The first was utilitarian, a reflection of the growing
appreciation that scientific modes of inquiry could offer solutions to technical prob-
Jems. Men of science were frequently called on by their aristocratic patrons to pro-
vide expertise and advice on military matters, building projects, transport systems,
etc. The second motive was ornamental, since their achievements (if not susceptible
of immediate application) could enhance the prestige of their patrons, in much the
same way as those of artists and men of letters. Reputational contests (for example,
solving mathematical challenges), the establishment of priority claims,and the pub-
lication of research findings (enhanced by the growing circulation of printed books)
gave to the men of science of the renaissance the opportunity of signalling their tal-
ents, and to their aristocratic patrons the possibility of performing some screening
of this not so transparent market on the basis of reputation. Again, it is interesting
to note that the emergence of an effective institutional arrangement in the field of
knowledge production is related to Europe’s political fragmentation, which pro-
vided the environment for competitive displays in the fields of arts and sciences
between royal and aristocratic patrons.

THE SOURCES OF TECHNOLOGICAL
CHANGE

The sources of technological change and its impact on the economic development of
Europe are highly contentious issues. Despite the growing prestige of the ‘experimen-
tal philosophy’ in early modern Europe, historians of science and technology have
generally concluded that scientific discoveries had a very limited impact on techno-
logical progress at this time. Indeed, the causal connection probably ran in the oppo-
site direction, with technological developments more often setting the natural
philosophers’ research agenda. The invention of the steam engine, for example, stimu-
lated the development of modern thermodynamics. Long after the seventeenth-cen-
tury scientific revolution, technologies were still improved largely through
trial-and-error procedures and accumulated rules of thumb.*! In an important chal-
lenge to this view, Musson and Robinson argued in 1969 that, in Britain at least since
the early eighteenth century, the connections between science and technology were
not tenuous but rapidly became stronger and more direct. They pointed to the inter-
ests of leading entrepreneurs, such as Matthew Boulton and Josiah Wedgwood, in sci-
entific enquiries; highlighted the emergence of scientific societies, open to individuals
from different walks of life, for the discussion of scientific findings and experiments;
and specified a number of inventions in the engineering and chemical industries to
which the contribution of a scientific insight or perspective on a practical problem
was crucial. Their case has been recently elaborated by Joel Mokyr, who introduces the
concept of ‘industrial enlightenment’ to connect the scientific revolution of the seven-
teenth century with the industrial revolution of the late eighteenth.*
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Ina nutshell, Mokyr’s ‘industrial enlightenment’is a cultural revolution with profound
implications for the procedures for discovering technical improvements. He contends
that the Baconian ideal of employing natural philosophy (‘science’) for the solution of
technical problems became progressively articulated through three interrelated changes
First, there was a drastic reduction in the costs of accessing extant bodies of knowledge'
(thanks to the expanding publication of scientific and technical works, including more
systematic descriptions and representations of the functioning of artefacts); secondly, a
systematic effort to account for the functioning of artefacts using existing scientific the-
ories and, when necessary, as in the case of the steam engine, trying to develop new
explanatory theories; thirdly, a concerted attempt to create a ‘public sphere’ for the fruit-
ful interaction between scientific researchers and practitioners confronted with techni-
cal problems. Taken together, these developments supposedly amounted to a knowledge
revolution which dramatically increased the productivity of inventive activities. Since
Mokyr recognizes that the direct contribution of science to technology may have been
very circumscribed, he suggests the concept of ‘useful knowledge’ to define the knowl-
edge base underlying all the techniques mastered by a society. ‘Useful knowledge’ is a
much broader set than scientific knowledge, containing not only systematic knowledge
about natural phenomena but also other types of practical knowledge about the proper-
ties of the natural world that may potentially have a bearing on the design of artefacts.
The main achievement of the ‘industrial enlightenment’ was to establish the conditions
for a self-sustaining process of accumulation of ‘useful knowledge’ Accordingly, Mokyr
emphasizes more the adoption of a scientific method and attitude as the key to improve-
ments in technology than the direct contribution of scientific knowledge.

One of most telling examples of this approach is John Smeaton’s research on water wheels.
In 1759, through a systematic series of experiments, which measured changes in efficiency
in response to variations in the design of a scale model, Smeaton showed that Antoine
Parent’s theory of water-wheel efficiency was inaccurate and established the superiority of
overshot wheels. He used this method, again in the early 1770s, to improve significantly the
fuel efficiency and operation of the Newcomen engine. As Cardwell remarks,* Smeaton’s
method of parameter-variation represents a cornerstone of modern engineering design. Its
power lies in permitting the identification of sound design principles, even in the absence of
an accurate scientific understanding of the functioning of an artefact.

Although Mokyr’s approach undoubtedly helps to illuminate the role of science as a
source of technical advances, we would raise three concerns. The first is methodological.
There may be evidence, especially in the British case, of many forms of exchange and com-
munications between the ‘world of science’ and the ‘world of technology’ However, by itself
this type of evidence provides no proof of the existence of significant causal linkages. For
example, James Watt had frequent discussions and exchanges on the properties of steam
with Joseph Black, then professor of the University of Glasgow (where Watt was working as
amaker of scientific instruments), who was conducting research on the nature of heat. Yet,
a careful reading of the evidence indicates that these exchanges probably did not play a
critical role in Watt’s invention of the separate condenser. This implies that the assessment
of the exact contribution of science to technology in this phase needs to be done case by
case, by means of detailed reconstructions of inventive processes.

TECHNOLOGICAL CHANGE 459

Secondly, Mokyr’s concept of ‘industrial enlightenment’ implies a rather drastic change
(a ‘knowledge revolution’) taking place during the eighteenth century. However, as our
survey has shown, since at least the late middle ages a more general ‘culture of improve-
ment permeated Europeans attitude towards technology. Hence, both the
seventeenth-century scientific revolution and the adoption of more systematic approaches
to inventive activity should be seen as ramifications of earlier changes in the general cultural
outlook of European societies. In this perspective, the ascendancy since the renaissance of
beliefs advocating the subordination of nature to man and celebrating humanity’s increas-
ing ability to manipulate natural forces were the product of the peculiar European attitude
towards technical improvements of which Mokyr’s ‘industrial enlightenment’ was itself
symptomatic.* Thirdly, Mokyr’s concept of ‘industrial enlightenment’ threatens to under-
estimate the role that the mechanical arts, rules of thumb, and other forms of empirical
and tacit knowledge not susceptible of being fully articulated and codified, continued to
play in the generation of innovations well into the nineteenth century.

Another stream of literature attempts to account for inventive activities by linking them
to the economic endowments of different locations. In this approach, inventions are con-
ceptualized as creative responses either to shortages or relative abundances of specific pro-
duction factors.®> A recent example is Robert Allen’s exposition of Britain’s rise to
technological leadership during the eighteenth century.* Allen argues that Britain's suc-
cess in developing steam engines and mechanizing textile production and other industries
reflected its peculiar wage and price structure (in particular, its high wage economy, cre-
ated by success in long-distance trade). With coal abundant, the search for technical solu-
tions to problems of power-supply (especially for mines drainage) was, from a very early
date, focused on the employment of steam. While there were other attempts to develop
steam engines in Europe, such as the steam-powered vehicle for transporting artillery
developed by Cugnot in France around 1770, it was only in the British context that a sub-
stantial capital investment in the development of a successful steam engine was likely to
generate large economic returns. Likewise, the mechanization of cotton spinning. In this
case, Britain’s relatively high wages (especially in comparison with India, then the leading
producer) spurred inventive efforts towards contriving labour-saving machines, such as
the spinning jenny and the water-frame. Similarly, it may be argued that Abraham Darby’s
invention of smelting iron with coke was motivated by the increasing price of charcoal rel-
ative to coal. Allen’s insistence on the embedding of inventive activities in very specific
economic contexts opens an interesting and still largely unexplored research agenda on
the border between economic history and the traditional history of technology.*’

However, the adoption of a new technology involves much more than the direct
assessment of the costs and benefits of different pieces of equipment as assumed in the
profitability calculations, based on current factor prices, carried out by Allen. In most
cases a wider range of factors, such as the availability of skills to operate the new technol-
ogy, expectations concerning future technological developments, and the overall com-
patibility of the new technology with complimentary pieces of equipment and other
contingent production activities, will affect the choice-of-technique context, making the
individual adoption of a new technology the outcome of a complex decision-making
process. Hence it remains to be seen whether Allen’s economic approach to the study of
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eighteenth-century technological breakthroughs can be fully integrated into accounts
that also recognize the influence of these other factors in the explanation of timing, rate
and direction of inventive activities.* ’

While Allen’s analysis highlights the critical role of the economic context in which
inventive activities took place, it also tends to minimize the role of scientific insights ag
autonomous sources of invention (partially excepting the appreciation of atmospheric
pressure as fundamental to the Newcomen engine). Inventions such as the Newcomen
engine (which allegedly required almost ten years of experiments) or Arkwright's water-
frame were essentially imaginative new combinations of extant components, such as g
rocking beam, a boiler, and a piston cylinder-apparatus in the former, or a new arrange-
ment of spindles, rollers, and flyers in the latter. The real novelty was the unprecedented
amount of resources invested in bringing these ideas into practice (and it was to capture
the profits of such investments that pressure was mounting for the introduction of more
effective patent systems).* Previously, most technologies developed through the long-
term accumulation of incremental improvements arising through processes of learning
by doing and learning by using.*® Of course, this form of technical improvements contin-
ued to complement the deliberate search for innovations.

Interestingly enough, both Mokyr’s and Allen’s accounts recognize that essential to
the great eighteenth-century breakthroughs in power technologies, textile machinery,
and metallurgy was the existence of a pool of sophisticated mechanical skills that
transformed designs into practical contrivances. In our view, the precise identification
of the factors accounting for the development and consolidation of this strong base of
mechanical skills throughout Europe during the Ancien Régime period is indeed one of
the most pressing research issues for historians of technology.

CONCLUSIONS

Recent research in economic history has been characterized by a renewed debate on
western Europe’s economic performance during the eighteenth century. The traditional
view held that, on the eve of the industrial revolution, it had already forged ahead’ of the
rest of the world, attaining a sizeable lead in its material standards of living. By contrast,
the revisionists’ account denies any significant differences between western Europe and
other advanced locations (especially China) before the eighteenth century, contending
instead that the ‘great divergence’ was the product of subsequent industrialization.’!
Whatever the outcome of this debate on relative living standards, the historical record
suggests that in Europe, since the late middle ages, a number of specific technological
trends were already emerging. It is unlikely that these trends (in weapons and transport
systems, in power usage, in the mechanization of some production processes) were
strong enough to exert a major impact on economic performance before the mid-
nineteenth century. Nonetheless, they were critical because of their transformative
nature, which put Europe on a steeper path of technological progress, enabling its man-
ufacturers to seize the opportunities presented by expanding markets and trade.
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Our survey also points to the emergence of a number of specific institutional arrange-
ments governing the generation and exploitation of technical opportunities. By virtue of
this peculiar ‘organization of invention’, by the eighteenth century technological changes
and their application in the economy assumed increasingly the character of a regular
and steady flow. Remarkably, most of these institutional changes had a very clear mer-
cantilist imprint, and ultimately were an outcome of Europe’s geo-political environment
of fierce competition between independent nation-states .*> These considerations show
that accounts of the rise of western Europe which give exclusive emphasis to minimal
state intervention, the definition and security of property rights, and the unfettered
operation of markets, etc. run the risk of delivering a ‘Whig history” which is not war-
ranted, at least in the history of technology.” The Ancien Régime state played a signifi-
cant role in promoting the generation of new technologies, through its pursuit of
military supremacy and the wealth to underpin it, but, above all, we would agree with
Habakkuk>* that, ‘It is probable that the most important of the conditions which made
Europe the cradle of economic advance originated very far back in its history.
Industrialization constituted a change of gear, not a change of direction.
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MICHAEL RAPPORT

IN 1814, as the Napoleonic Empire teetered on the brink of destruction, Bertrand
Lhodiesniére, a veteran revolutionary from Normandy, told his fellow-citizens that
when the Bourbon monarchy returned, ‘you will have to pay tithes and feudal dues
again, and after dark, they will make you keep the frogs quiet so that milord and milady
can get a good night’s sleep.' This dire warning reflected how far French society had
changed since the collapse of the absolute monarchy in 1789. There had been no set pro-
gramme of radical reform right at the start. Yet the force of circumstances combined
with the revolutionaries’ ideology to create an impetus which left no area of eighteenth-
century life untouched. The elected representatives of the people, the National Assembly,
were confronted with the challenge of restoring order to the country, tackling the mon-
archy’s financial woes and establishing a viable political framework for the kingdom.
The founding deeds of the French Revolution were therefore at once a pragmatic
response to the crisis and an expression of the new order’s fundamental principles.

The first dramatic break with the past came in the night of 4 August 1789.In an emo-
tional session pregnant not only with symbolism, but also with real transformative
potential for the whole kingdom, the National Assembly abolished what it called ‘feu-
dalism’ The deputies, many of them property owners, were urgently trying to pacify the
insurgent countryside by renouncing seigneurial rights, but, emboldened by a potent
brew of alarm and idealism, they went even further. In a crescendo of zeal, they
renounced one privilege after another, levelling individual, corporate, and provincial
privileges which made up the very fabric of social differentiation in the Ancien Régime.
The tithe, seigneurial justice, and venality were abolished, alongside other vestiges of
‘feudalism’ A popular uprising had spurred France’s revolutionary elite into razing the
old order, leaving the Revolution with the immense task of building a new regime.

The principles which were meant to guide the revolutionaries in this next challenge
were expressed in the Declaration of the Rights of Man and the Citizen on 26 August.
‘Men are born and remain free and equal in rights, the first electrifying article rang out.
These rights included liberty, property, security and resistance to oppression’ ‘Liberty’




