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Abstract

Industrial robotics is one of the technologies that, nowadays, is experiencing a remarkable and
continuous progress, finding more and more applications in different industries. While this
progress leads to productivity gains, it can also have an impact on employment and the labour
share. Through a panel cointegration analysis on the sectoral data of nine developed countries
over the period 1996-2016, we analysed the long-run relationship between the implementation

of industrial robots and the labour share.



Index

Introduction 5
Chapter 1. Industrial Automation: An Historical Overview 7
1.1 Innovation and Revolutions in the History of Humankind............c.ccccooeiiniiniinniinnnnne. 7
1.1.1 The First Industrial REVOIULION. ..........ccoviiiiiiieeiieciee e 8
1.1.2 The Second Industrial REVOIUtION ........oouiiiiiiiiiiiiieiieeee e 9
1.1.3 The Debate on the Third Industrial Revolution.............cccccvevieeciieniieiienieciiees 14
1.1.4 A Fourth Industrial ReVOIUtION?...........cccviiiiiiiiiieciieee e 17

1.2 The Advance 0f RODOS .....cc.ieiuiiiiiiiieiiieie ettt e 20
1.2.1 Finding a RObot Definition..........cccuieiiieeiieniieeiierie ettt 21
1.2.2 A Brief History of Industrial RODOLICS ......c..eeeeuviiiciiiiiiiieciieecieecee e 25
1.2.3 Robotics Around the World: A Geographical and Industry Framework................. 27

Chapter 2. Industrial Automation, Productivity, Employment, and the Labour Share: A

Literature Review 34
2.1 Industrial Automation and Productivity ..........ccoeceeevieeriiiiieniieieee e 35
2.2 Industrial Automation, Employment, and the Labour Share.............ccccoeveviiivieennenen. 38
2.3 Key Factors in Robot Adoption and Future Trends ...........ccccccveeeiiieiiieeeciieeeiee e, 44
2.4 FINAl REMATKS ......iiiiiiiieiie ettt ettt ettt et e e s eesaeennees 47

Chapter 3. The Dataset 50
3.1 Sources, Observations, and Variables ......ccccuvviiieiiiiiiiiiiiiieeeeeeeeeeeeeeee e e 50

3.1.1 World Robotics 2020 REPOTT.......ceeecureeeiiieeiieeeiee ettt e sree e e sevee e e eeaee s 51
3.1.2 EU KLEMS Release 2019 Database ..........ccceeveeriieriieiiieniieiieeieeiee e 52
3.2 Dataset CONSIIUCION. ......cecuiruierieeieetierte et sttet ettt eete et e sbeestesaeesteebeseeesaeentesneenseens 54

Chapter 4. Empirical Analysis 58
4.1 EMPITICAL STrAtEZY ..eveeiieiiieiieiieeiieeie ettt ettt ste et esaeebeeesbeessaeenbeeseessseensaesnsens 59
4.2 EMPITICAl ANALYSIS ..vvieiiiieiiieeiiieciie ettt e e etae e st e e s saeessvaeesssaeensseeennnas 64

4.2.1 UNIt ROOE TESES..euuiiiiieeiiieiieiie ettt ettt ettt et stte et e siaeeseessbeesseesnseeseesnseas 64
4.2.2 CoMteGration TeSES....uuieiiiiieeiieeiiieerieeesieeesiee et e esteeesree e eaeessebeeensseeesseeennseeennees 67
4.2.3 Long-Run Relationship.........ccceeeiiiiiiiiieiiie et 68
4.2.4 Long-Run Causality........cccceeeiiiiiiiiiiieriie ettt ettt ettt see e s 71
Conclusions 76
References 78






Introduction

We are living in the period with the highest rate of innovation in the history of humanity. Every
object we use in everyday life has its own technology that, although minimal, comes from
discoveries, inventions, and innovations that have led to its final form, with the primary
objective of enhancing its usefulness. Discoveries, inventions, and innovations are part of the
history of humanity since man first appeared on Earth, just think of the discovery of fire and its
first uses, or the early forms of cultivation and breeding that have allowed man to move from a
nomadic lifestyle to a sedentary one. But returning to relatively more recent times and more
related to the topic of this dissertation, there is a precise historical period in which technological
progress has begun to grow without ever stopping, helping to improve more and more the lives
of men: the First Industrial Revolution started in Britain from the fields, and expanded in the
first textile factories. It is in this period that we can identify the historical moment in which
machines, and so first rudimental forms of industrial automation were implemented in the
productive process of the factories, increasing productivity, but also spreading among the

workers the first fears of being replaced and losing their job.

Therefore, to analyse the impact of industrial automation, we started right from here, from the
First Industrial Revolution, with the invention of the steam engine, coming then to the second
one, with the discovery of electricity and the spread of the first cars, up to the debate around
the third and the fourth revolution, with the concept of Industry 4.0 that starts to become more
and more important. It is in the years of the last two revolutions that industrial robotics — which
is part of the Industry 4.0 technologies — begins to grow, becoming a real symbol of the
technological progress of recent decades and that we are experiencing today. But do advanced
technologies, such as robotics, always lead to growth? There is no doubt about the positive
contribution of robots on productivity both at a firm and industry level. Basically, robots can
be used to perform hazardous or repetitive operations with greater precision and in less time,
allowing to reduce production costs and increase the quality of the product. On the other hand,
industrial robotics is expected to displace labour, by reducing the number of employees or the
labour share. The literature about this topic is very wide and there are no agreed results on the

direct effects of the robots’ implementation on the labour component.

We tried to fit into the debate by conducting an econometric analysis on a panel dataset
composed of nine developed, mostly European countries at an industry level for the period
1996-2016. We investigated the existence of a long-term relationship between robotics and

some key growth indicators, such as total factor productivity and value-added, and on the main
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labour components, such as the employment and labour share. Data is provided by the
International Federation of Robotics (IFR), the organization which collects statistics about
robotics around the world, and EU KLEMS, an industry level, growth, and productivity
research project, run by the Vienna Institute for International Economic Studies (wiiw). We
focused our research on the manufacturing industry and particularly on the automotive sector,

the one with the highest and longest tradition of industrial robots’ implementation.

Chapter 1 addresses the issue of industrial automation and its evolution from a historical and
geographical point of view, inspecting its diffusion with particular attention to the countries and

sectors under analysis.

Chapter 2 proposes a review of the literature on robotics and its impact on productivity,
employment, and the labour share, presenting the main points of view emerged in the research

of different authors.

Chapter 3 shows the dataset and its construction, presenting sources, observations, and

variables.

Chapter 4 describes the empirical strategy used for the analysis and comments on the results

obtained.



Chapter 1. Industrial Automation: An Historical Overview

Industrial automation is an innovation process which concerns the coordinated use of
technological solutions to replace part of the human work with different devices (Enciclopedia
Treccani 2006). To better understand the concept, we may define individually the two terms
“industrial” and “automation”. Industrial production processes consist of procedures involving
chemical, physical, electrical, or mechanical steps, through which a combination of raw
material becomes a final product. According to Encyclopaedia Britannica (2020), the term
“automation”, instead, was coined in 1946 by an engineer from Ford Motor Company, to
describe production systems where the human effort and intelligence were substituted with

mechanical, electrical, or computerized operations.

The concept of “mechanisation” is the process through which an activity, previously carried out
largely or exclusively by hand or with the help of animals, is now performed by machinery.
Mechanization is included and, at the same time, overcome in the current definition of industrial
automation. Now-a-days, in fact, machines can be started and function without the presence of
humans and many activities as planning and supervision of the productive process that do not
involve physical work are automated or can be easily automated with the current technological
systems. This is a novelty compared to the past: the physical automation that, with machines
and robots, replace the arms of the workers is flanked by cognitive automation that, with

artificial intelligence (AI), can substitute a lot of intellectual tasks.

1.1 Innovation and Revolutions in the History of Humankind

We are living in the period with the highest rate of innovation in the history of humanity, but
innovation has always accompanied mankind’s history, allowing the economic progress we are
experiencing today. According to Magnani (2020), the first examples of how innovation has
fostered economic growth can be found in the Stone Age, with the Neolithic revolution which
allowed the transition from a nomadic lifestyle, based on gathering and hunting, to a sedentary

lifestyle, growing plants and raising animals.

Returning to focus on automation, to identify the historical moment in which machines were
introduced for the first time in productive processes and started to support and gradually
substitute the work of human operators, we need to go back to the First Industrial Revolution
(1760-1840). In this period there was a process of change from an agrarian and handicraft

economy to an economy characterized by industry, machine manufacturing, and technologies.
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These changes introduced new ways to organize work, life, and society. This process started in

Britain in the second half of the eighteenth century and then spread around the world.

1.1.1 The First Industrial Revolution

The First Industrial Revolution took place in Britain between 1760 and 1840 and it was
preceded and then supported by the agricultural revolution. Instead of leaving the land
uncultivated one year out of three, as was done since the Middle Ages, in the third year they
began to grow forage plants, useful for feeding livestock. In this way it was possible to boost
the productivity of the lands, but also improve breeding. In a short time, other countries tried to

modernize their own agriculture by replicating the new English knowledge and techniques.

This increase in production was necessary to meet the demand for more products due to the
increase in population occurred in those years: in 140 years the population redoubled, from 100
million in 1660 to 187 million in 1800. Given these conditions, in a short time artisans, workers,
and farmers became unable to satisfy the increasing demand for goods coming from colonies
and growing population. It was necessary to substitute old methods of work with new ones
which allowed to produce more, in less time, and without additional costs. Thanks to the
implementation of machines in the productive process and some technical innovations, the
change was possible. For example, in the textile industry, spinning operations were completely
mechanized and in 1833 a single worker was able to simultaneously monitor the work of four

looms, producing twenty times more than one single operator working by hand.

To exploit all the potential of the machines, sources of energy different from the manual force
were needed. Watt invented the steam engine in 1765, become the symbol invention of the First
Industrial Revolution. The new machine was able to use the heat to produce movement,
transforming thermal energy into mechanical energy, capable of operating other machines. This
invention was decisive for the start in the last years of the eighteenth century of the first large

textile factories which in those years was beginning to quickly mechanize.

As the machines for the production became bigger and bigger, in those years the first factories
capable of containing machines and thousands of workers were born. In factories, the work
could not be organized independently as the farmers did in the countryside, but it was
punctuated by the rhythms of production of the machines. The working conditions in the
factories and mines were very bad. Men, women, and children were employed indiscriminately,

with the same heavy shifts of work of more than 12 hours per day, although the latter two were
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paid much less than the former. The work environments were dangerous and unhealthy and the
suburbs near the factories began to be populated by the working class who lived in tiny, bleak,
unhealthy, and overcrowded houses. In the first years of the industrial revolution, a lot of
workers migrated from the countryside to the cities, but the flow of people was not properly
controlled, and the authorities failed to immediately act to accommodate the new citizens. For
this reason, the working-class neighbourhoods grew in a short time and in a disordered way,
without the most basic sanitary facilities. Only during the nineteenth century, the conditions of
the working class began to improve: child labour was limited, the number of skilled workers

increased, and given their high specialization, they were required and paid more.

The fear of losing jobs must be added to the social and environmental problems that the
industrial revolution brought. As mechanization spread in the factories, in fact, the first
discontent of craftsmen and workers spread too. They feared being replaced by machines and
losing their jobs, just like today many workers fear being replaced by robots and artificial
intelligence. As early as 1794, English wool workers petitioned Parliament to intervene against
the use of machines for combing wool. In those years, in Nottingham, the movement of the
Luddites, a group of textile workers who protested the factories that used the machines, was
born. Luddites became famous for their subversive actions, going so far as to destroy the

machines to defend their work.

1.1.2 The Second Industrial Revolution

Between the nineteenth and twentieth centuries, the production system of the factory spread all
over Europe and also outside, like in the United States, the new emerging power.
Industrialization was a path a country had to take to achieve the economic development needed
to compete with other countries. Productivity continued to increase worldwide, and Britain’s
supremacy was gradually challenged by the growth of countries like Germany in Europe and

the United States, outside Europe. The Second Industrial Revolution (1870-1914) began.

In that period, the relationship between science, technology, and industry grew stronger and
stronger and this led to new discoveries, inventions, and technologies. It was the age of steel,
chemistry, and oil, but the real protagonist was electricity. However, it was not until 1880 that
people learned how to store, transmit, and distribute electricity over long distances, using it to
enlighten, heat, start machinery, and build new ones. In fact, the incandescent filament bulb

was designed by Edison in 1879. Bringing lighting in factories led to redefine working hours,



allowing working day and night continuously, with no time constraints marked by sunrise and
sunset, consistently augmenting labour productivity. Electricity started to be used also in the
modes of transport, giving rise to mass urban transport, since steam could only be used in light
railways and rural or suburbs tramways. In the United States, electric traction was introduced

in 1881 and then quickly adopted in major urban centres.

New inventions and new materials discovered allowed to the revolution also in the organization
of the industrial production, speeding up the process or increasing labour productivity, thanks
to innovations like conveyor belts, elevators, hoists, pipe, and valve systems. The introduction
of these innovations in the productive process led to a more rational and scientific use of the
workers in order to reduce working costs and time. In this period, the scientific organization of
work, preached by Taylor, was applied for the first time. In The Principles of Scientific
Management (1911), Taylor explained how the one best way — that is the best, cheaper, and
efficient method to make a product — is based on the breakdown of the production cycle in
different stages and in different operations as simple as possible. Taylorism intersects with the
important innovations introduced in the factories by the automobile manufacturer Ford. Ford
organized his factories around the assembly line, bringing together the various stages of car
assembly, transporting the necessary parts to the workers who, instead, remain stationary in
their workstation, doing simple operations. The assembly line drastically reduces production
time and unit costs: the price of Ford Model T, “the car for all”, as written in the advertising
slogans of the time, decreased from 950 dollars in 1908, when it was placed on the market, to

360 dollars in 1917, and 290 of 1927, when it ceased its production.

While in the first stages of the industrialization process, textile and metallurgical industries had
required relatively modest investments, in that period, to build a chemical or steel plant, a large
allocation of capital was necessary and hardly the small family businesses could afford the
costs. New organizational and property’s forms were necessary and, in the late 1800s, joint-
stock companies and new system of raising capital through an increasingly structured financial
market controlled by the banks spread. The need to reduce risks due to huge investments
imposed the tendency of the enterprises to concentrate, through mergers, both vertical and
horizontal, links between companies or between companies and banks, cartels, and holdings. A
strong relationship of interpenetration between industries and banks started to develop. Banks
and other financial institutions begun to allocate the deposits of their clients to industrial
investments. The role of banks became strategic, and the phase of the financial capitalism

started, underlining the key function of the financial capital directing the economy.
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The revolution in the factories, from an organizational, structural, and productive point of view,
was accompanied by the birth of new working figures and, in turn, of a different division of
social classes. The emergence of new jobs was the natural response to the underway industrial
and economic revolution requiring new needs, but the impact was varied and, in some respects,
divergent. On the one hand, from 1850 to 1910, in the United States, the number of qualified
workers — the so called “white collars” — increased from 3 percent to 12 percent in the
manufacturing industry, and from 7 percent to 20 percent in the aggregate economy (see Table
1). On the other hand, in the nineteenth century, the technical change was mainly “de-skilling”:
the combination capital — unskilled labour, in fact, replaced skilled labour due to mechanization
(Goldin and Sokoloff 1982; Atack et al. 2011). In the manufacturing industry, the de-skilling
process is explained by the displacement of high-skilled artisans due to the quick
industrialization of the factory system. Over the years, machinery became cheaper relative to
output or skilled labour and, consequently, manufacturing became much more capital intensive.
Sequentially implemented machines replaced certain operations related to the manual work of
the artisans, but machines required anyway the presence of “operatives” to work properly.
Operatives were workers with less skills with respect to craftsmen: the latter were able to
manufacture a product from the beginning to the end, while the first ones could execute a limited
set of operational tasks of the whole productive process with the support of the machines. This
does not mean that the operatives were unskilled, indeed they started to acquire the skills
necessary to properly run the machinery they had to use (Bessen 2012). In the following years,
skilled workers, as engineers and mechanics, were still required to install, maintain, and design
the equipment (Goldin and Katz 1998). However, the modern pattern of capital — skilled labour
started emerging only between the late nineteenth century and the early twentieth century.
According to Goldin and Katz (1998), the spread of electricity power and the technological
shift from traditional factories to continuous-process and batch production methods had a key

role in the emergence of the new combination capital — skilled labour.
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Table 1. U.S. Labour Force from 1850 to 1910
1850 1860 1870 1880 1900 1910

Manufacturing industries

White collar 31%  3.2% 4.8% 4.7% 6.8% 11.9%
Professional-technical-manager 3.0% 3.1% 4.2% 4.0% 5.2% 5.6%
Clerical-sales 0.1% 0.1% 0.6% 0.7% 1.6% 6.3%

Skilled blue collar 39.4% 38.5% 31.8% 29.2% 28.7% 22.8%

Operative/unskilled 57.5% 58.3% 63.4% 67.8% 64.5% 65.4%

Aggregate economy

White collar 6.9%  8.3% 10.6% 11.6% 17.1% 19.7%
Professional-technical 2.3% 2.6% 2.9% 3.4% 4.3% 4.6%
Manager 3.1% 3.6% 4.4% 4.3% 5.7% 5.6%
Clerical-sales 1.5% 2.1% 3.3% 3.9% 7.2% 9.5%

Skilled blue collar 11.6% 11.2% 10.7% 9.1% 11.0% 11.9%

Operative/unskilled/service 28.7% 30.1% 32.4% 37.7% 36.4% 37.9%

Agriculture 52.7% 50.5% 46.4% 41.6% 35.3% 30.5%
Operator/supervisory 23.9% 23.2% 24.8% 24.8% 20.0% 16.6%
Farm labourer 28.8% 27.3% 21.6% 16.8% 15.5% 13.9%

Source: KATZ, L. F. & MARGO, R. A., 2014. “Technical change and the relative demand for skilled labor: The United States in historical
perspective”. In Human capital in history: The American record, pp. 15-57. University of Chicago Press.

Capital and labour availability were not the only drivers of the economic development: growth
was fostered by mechanisms such as increasing returns on scale, due both to the enlargement
of production units that became cheaper to manage, and to increasingly specialized production.
Another mechanism concerned the greater efficiency in allocating resources, by transferring

manpower from low-productivity jobs to high-productivity ones (Pollard 2012).

From the late 1800s until World War I, North-Western Europe and North-Eastern United States
were the main industrialized centres where modern economic growth models had already
succeeded. Looking more at the global numbers of this Second Industrial Revolution, according
to Pollard (2012), we can infer that in Europe, the economic growth between 1880 and 1913
had a rate of 1.5 percent per year. The United Kingdom was certainly the richest country, but
the most advanced and prosperous industrial economy was represented by the United States. In
1913, the U.S. Gross National Product (GNP) per capita was five times higher than the
European average, and 25 percent higher than the British GNP. The average growth rate of the

U.S. economy between 1890 and 1913 can be estimated at 1.8 percent per year, higher than the
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one of the major advanced industrial economies. Pollard (2012) states that one of the factors
which contributed to the economic expansion experienced in that period was certainly the
population growth which increased because of the reduction in the death rate. There was,
indeed, a sharp decrease in infant mortality, which in 1913 was particularly evident in
Scandinavia and Western Europe, while in Eastern Europe the rate remained high. However,
international emigration started to mitigate the effects of the natural demographic increase.
From 1850 to 1914, more than 40 million people (approximately the 10 percent of the European
population of the time) left Europe and moved to the “new world”. In the early 1900s,
departures of migratory flows mainly concerned the Mediterranean region and the Balkans in
response to the demographic problem which the mainly rural societies in those areas were
facing. As observed for Europe, birth and mortality rates were falling and, while for European
countries the international emigration represented a dry loss of workforce, the United States
were the main recipients of the migratory flows. Since most immigrants were young, the
average age of the U.S. population, which was 22 years in 1890, remained low in 1910, around
the age of 24. This influx of labour from abroad contributed to the expansion of the economy.
International immigration was supplemented by internal emigration from rural settlements to
more developed cities, as occurred in more industrialized European urban centres. Thus, the

workforce employed in agriculture fell from 42 percent in 1890 to 32 percent in 1910.

Economic growth meant also higher investments in instrumental goods and specific resources
such as machines and plants. Often, the necessary equipment was used to produce a single
variety of product. Therefore, the specificity of the investments made the investments
themselves riskier and more diversified between countries. However, in all countries with
reliable data, the growth of investments was faster than the demographic growth, with the only
exception of the United Kingdom which, in the first decade of the twentieth century, was more
interested in investing in its overseas colonies instead of its national territory. In the United
States, capital imports exceeded capital exports, increasing the already high rate of internal
savings, which grew by 3.5 percent per year between 1890 and 1910 and then they slowed down
for the following decade (Pollard 2012).
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1.1.3 The Debate on the Third Industrial Revolution

After the Second Industrial Revolution (1870-1914), two world wars and one of the most
shocking crises occurred. During the wars, factories were converted and used to produce war
material and other resources useful for military operations. However, despite the period was
not the best, some industries grew the same, as the automotive one which experienced in those
years a real mass diffusion, especially in the United States. Moreover, a lot of military research
had important developments and roles in the dissemination of technologies in the civil field,

just consider nuclear energy.

The second and the subsequent Industrial Revolution are therefore years away. Indeed, the
debate on the starting date of a supposed Third Industrial Revolution is very heated. According
to Campa (2007), opinions are divided mainly because there are no useful preventive criteria to
define a period of “revolution”. Furthermore, economic and technological transformations have
followed different paths in the various industrialized countries and, therefore, analyses are often
flawed from an ethnocentric perspective. Some authors agree on the fact that to define a
“revolution”, a change in energy policy is required. In the First Industrial Revolution the key
element was the steam engine that led to an economy based on coal and iron. In the Second
Industrial Revolution, after the invention of the combustion and electrical engines, the economy
relied on oil and electricity. After the use of nuclear weapons, a period of civilian use of nuclear
energy has certainly begun, but it is also certainly true that the current economy is still based
on oil and the turning point has not yet occurred. Other analysts stated that it makes no sense to
compare the industrial revolutions according to the energy sources because there are other
equally important aspects. The key element, among the most mentioned, is certainly the
emergence of automation and artificial intelligence (Al) and their large-scale use in production
processes. According to Sennholz (2006), since the early 2000s an industrial revolution has
begun. Sennholz talks about an “informatic revolution” which increases the variety of
marketable services. This enlargement is possible because, thanks to the new information
technology, many jobs in the service sector can be shifted to workers in emerging countries. In
these countries, people are equally experienced, but they are willing to accept a lower salary
due to the lower cost of living in their native country. It is therefore an offshoring revolution

that has important consequences on the labour market.

In the final analysis, therefore, there is no single date on which economists agree to start the
beginning of this Third Industrial Revolution. Some authors think the revolution started in the

fifties, others state that the revolution has started in the new millennium. But the relay could be
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halfway, and the symbolic starting date could be identified in the year 1974. According to
Greenwood (1999), the same changes observed in the main economic parameters with the
advent of the previous two revolutions occurred in 1974. In this year, in fact, there was a
massive influx of new technology that had an impact comparable to the spread of the steam
engine and electricity in the previous century. This input is favoured by a lower cost of the
equipment, such as computers, machine calculators, and automation. Whenever a
technological-industrial revolution has occurred, there has also been a consequent decline in
the growth of labour productivity. The paradox is however only apparent since the decrease is
consequent to the fact that the new technologies are difficult to use, and it requires time for
workers to quickly adapt to the change and specialize. Greenwood pointed out that in 1974, the
most technologically advanced countries experienced a reduction in the growth of labour
productivity from 2 percent per year to 0.8 percent: the workers suffered the shock due to the
change. Alongside, the pay gap increased, and this phenomenon can be explained by the
disorientation effect: workers with useful skills to run computers and robots were rare and so
they could obtain higher wages than non-skilled workers. Gradually, inequality has been

redrawn thanks to the entrance in the market of more qualified workers.

According to Martorella (2002), the Third Industrial Revolution started around 1974 with the
introduction of new production and organizational structures: the just in time production and
the Total Quality Management introduced by the Japanese Toyota Motor Corporation.
Martorella believes that revolutions occur in response to serious periods of economic crisis.
Japan suffered more the oil shock of the 1973 due to its absolute lack of oil resources compared
to the United States and the Soviet Union. For this reason, a quick and radical restructuring of
the Japanese productive system was necessary. This event marked the beginning of the decline
of the Fordist model, based on a rigid division of labour and focused more on the product, rather
than the needs of the consumer. Toyotism, instead, implies a reversal of the logic of marketing,
oriented to the elimination of returns and stock. Through the just in time production, in fact,
companies can forsake the push-logic that finished products have to be stored in warehouses
waiting to be sold and embrace the pull-logic according to which only products already sold, or
which is expected to be sold in a short time can be produced. Companies do not try anymore to
convince their clients to purchase a finished product, designed upstream in all its details, but
agrees the characteristics of the good with potential customers and produces it to order and
customizes it for the specific applicant. The new Japanese production philosophy, in a short
time, achieved important results, carrying in the Eighties, Toyota from the seventh to the third

place in the world ranking of motor companies, after Ford and General Motors. The new model
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was soon adopted by other countries, first the United States, leaving room for the post-Fordism
age. Ultimately, in the opinion of Martorella (2002), the Japanese industrial revolution has
transformed factories in information systems in which men are free from mechanical work and
have become supervisors of the production process. This change occurred in a transition phase
from the industrial society to the “post-industrial” society. With these words, the author means
that the discussed Third Industrial Revolution consists in the radical transformation of the social
and economic fabric that is leading the tertiary industry and the more advanced ones to

dominate the secondary industry.

In this period of intensive technological and scientific revolution, United States and Japan were
leader in the development of new technologies based on the application of microelectronics to
computing and communications. In 1971, the tuning of the microprocessor by Intel established
the transition from the electronics to the microelectronics, allowing the mass commercialization
of a large set of goods (personal computers, CD and DVD players, and mobile phones) and
services (e-mail and Internet) that had disrupted and continue to disrupt the habits and lifestyles
of much of the population. Moving from the information technology industry to other ones, the
most important discoveries and inventions concern plastics, biotechnology with studies on

DNA, nanotechnology, and the conquest of space.

The fears of those who saw the new technologies as a threat to human work were accompanied
by the optimism of those who were aware of the potential of this progress. Machines and
computers displaced human work, but, at the same time, created new opportunities and opened
the way for the tertiarization of which Martorella (2002) speaks. This totally new branch of the
economy became known as new economy and from the Nineties, was the engine of growth,
both in income and productivity terms. From 1995 to 2000, the productivity increased by 2.5
percent per year, compared to the 1.4 percent in the period 1972-1995 (Pollard 2012). Then, as
we will see in the next paragraphs, the improvement in the automation procedures and the
introduction of increasingly intelligent and sophisticated robots have helped to increase the
labour productivity, constituting the last achievement in the path undertaken two centuries

earlier with mechanization.
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1.1.4 A Fourth Industrial Revolution?

Although there is no unanimous agreement on the occurrence and period of the Third Industrial
Revolution, some authors speak about a Fourth Industrial Revolution. Others state that the
period of high innovation we are experiencing is a second phase of the technological revolution
started in the last century and described in the previous paragraph. Due to the development of
information and communication technologies (ICT), such as Internet and wireless connection,
industrial production has experienced significant and radical changes. As seen with the rise of
Toyotism, factories have become more flexible and have started to understand the importance
of vertical and horizontal integration of all participants in the production, including end
customers. This integration led to a new way of thinking about the industrial production process

which took the name of Industry 4.0 (Hozdi¢ 2015).

The term Industry 4.0 was first adopted, in 2011, by a group of representatives belonging to
difference fields — such as business, politics, and academia — as part of a proposal aiming to
boost the German competitiveness in the manufacturing industry. To deal with the ambitious
project, raising a smart production environment was vital and the concept of “smart factory”
was soon introduced. A “smart factory” is a production solution that, in a flexible and efficient
way, fulfils the integration of participants in the production process, of needed resources, both
physical and digital, and between people and resources into a single cyber-physical production
system. Industrial automation and ICT are the key resources in the implementation of this
sophisticated system which can successfully merge real and virtual world, improving
productivity, quality, and working conditions, saving costs, and avoiding errors and bottlenecks

(Oztemel and Gursev 2020; Hozdi¢ 2015).

Industry 4.0 is not a single technology, but it represents a cluster of different ones linked
together due to “technological leaders, pivotal users, system integrators, and government policy
makers” (Martinelli et al. 2021, p. 162). Martinelli et al. (2021) summarized the concept by
providing a list of the core technologies related to Industry 4.0. More precisely, these

technologies are:

o [Internet of Things (loT). 1oT concept includes all devices with self-identification
capabilities — as localization, diagnosis status, data acquisition, processing, and
implementation — that are connected via standard communication protocols. The scope
is very wide: from manufacturing applications to other areas as housing and

construction, automotive, environment, agriculture, and much more.
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Big Data / Industrial Analytics. This category groups methods and instruments used to
process a large amount of data (which can come from IoT systems) for manufacturing,
supply chain management and maintenance. The main applications of this technology
relate to machine learning tools, a subset of artificial intelligence technology that creates
systems able to learn or improve performance based on the data they use. This
application is useful for planning and forecasting, providing predictive maintenance,
and generating simulations.

Cloud Manufacturing. This category entails the application in manufacturing of cloud
technologies, through on-demand IT services with easy access, available to the users
involved, and with the aim of supporting production processes and supplying chain
management.

Robotics. This cluster of technologies encompasses five subcategories, understood as
five different ways to automate operations in the production process: Articulated,
Cartesian, Cylindrical, Parallel, SCARA (see next paragraphs for precise definitions
and applications). Advanced automation includes the latest developments in production
systems that have improved the ability of robots to interact with the environment, self-
learn, self-drive, and recognize specific patterns (the so-called co-bots).

Artificial Intelligence (Al). 1t refers to knowledge and techniques developed to make
machines “intelligent” so that they can function in a proper way in their environment of
application. Industrial Al combines computer science-based technologies with machine
learning tools to generate intelligent sensors and smart production systems.

Additive Manufacturing. Also known as 3D Printing, this technology is able to produce
objects by depositing layer upon layer of material in precise geometric shapes. Additive
manufacturing is widely used in prototyping and manufacturing, directly producing the

products, and providing maintenance and repair services.

According to Martinelli et al. (2021), the period we are living has not yet the required specifics

to be considered as a Fourth Industrial Revolution because Industry 4.0 (which is not a

synonymous for Fourth Industrial Revolution, but only indicates the features of the “factory of

the future” which has introduced in its productive processes the technologies described above),

now-a-days, has limited scale and scope effects. The three authors, in fact, tried to understand

if these technologies are general purpose technologies (GPTs). According to Bresnahan

(Bresnahan 2010, p. 764; Bresnahan and Trajtenberg 1995 in Martinelli et al. 2021, p. 175), a

GPT is a technology which:
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e “Is widely used” and characterised by “pervasiveness”, meaning the variety of possible
application sectors.

e “Is capable of ongoing technical improvement” and characterised by “high dynamism”,
meaning the ability of the technology to increase efficiency.

e “Enables innovation in application sectors” and has the ability to generate “strong
complementarities”, meaning that the adoption of these technologies enhances rapid

technical progress in the industries in which they are applied.

In their analysis, Martinelli et al. (2021) worked on a sample of patents related to the main
Industry 4.0 innovations: Internet of Things, big data, cloud, robotics, artificial intelligence, and
additive manufacturing. Patents brings important information, as the geographical location of
the innovators or the level of diffusion of the technology. In particular, the authors observed

how the enabling technologies score on the basis of three indicators:

e Generality index. It indicates the range of later generations of inventions which have
been promoted by the same patent. In other words, it refers to the technological classes
that have cited the specific patent.

e Originality index. It refers to the backwards citations and measures the range of
technological classes which are cited by the patent. A patent with high originality is
characterized by the high technological dynamism which qualifies a GPT.

e Longevity index. It is the average lag between the year of the patent grant and the year
of the latest forward citation. Therefore, patent longevity is the measure of the speed of

obsolescence of a patent.

With their analysis, the three researchers observed that only big data and Al technologies can
be qualified as GPTs due to their statistical significance in terms of generality, originality, and
longevity of the related patents. It is difficult to make simple predictions about the other
technologies, but it is certain that for the moment they do not show the same trend. They remain
enabling technologies that are providing and can provide a substantial contribution to
innovation and productivity growth in a wide range of industries. The implementation of
advanced technologies remains low also according to Acemoglu et al. (2022), with only 2
percent of U.S. firms using robotics in their processes and 3.2 percent using Al in the period
2016-2018. The portions of workers dealing with these technologies, instead, are quite
substantial: 15.7 percent for robotics and 12.6 percent for Al. In manufacturing industries this
exposure becomes higher, with the 45 percent of U.S. workforce employed in firms using

robotics and the 23 percent employed in firms using Al technologies. On the other hand,
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Fontagné et al. (2023) report that, even if robots represent on average only the 0.6 percent of
capital stock in manufacturing industries, the share of robots grow substantially from 1999 to
2011 and at faster pace than ICT and machinery whose shares remained almost constant over

these years (Figure 1).

Figure 1. Technology Adoption
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1.2 The Advance of Robots

Even the relatively low distribution in factories and the fact that, according to Martinelli et al.
(2021), robotics can’t be qualified as a general purpose technology, the technical progress and
the always new application opportunities related to this field, especially in recent decades, can’t
be ignored. The use of industrial robots and their market are destined to grow and the benefits
deriving from their implementation are undeniable. On the other hand, there are potential threats
to human labour that cannot be ignored too. Before addressing these issues, we need to better
picture the industrial robotics phenomenon from a historical and geographical perspective both

at a global level and among the selected countries in our dataset.
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1.2.1 Finding a Robot Definition

The idea of creating machines or beings that might perform laborious or repetitive operations
instead of men extends back to ancient times. Already in the Greek-Hellenistic age, some
ingenious inventors designed and tried to build devices which were defined automata.
However, this term mainly pertains to human-like devices, whereas the word “robot” has a
wider and more general meaning (Gasparetto and Scalera 2019). The term “robot” originates
from robot which in turn derives from robota that in Czech means “work” or “hard work™ and
was used for the first time in 1920 by the writer Capek, referencing to the automatons that
substituted workers in his science-fiction play R.U.R.: Rossum’s Universal Robots (Capek
2004). It is therefore clear since the introduction of the term that robots have a function of
replacement of man’s work which begun with the simple mechanization of part of the human
work in the First Industrial Revolution up to the advanced industrial automation of today, in
which machines are also able to act alone, without the necessary human presence. Moreover,
thanks to the progress in Al technology, machines are increasingly able to support and replace
humans in cognitive activities, not only in those more purely mechanical. The term “robotics”,
instead, appeared for the first time in the novel Runaround (1942), then included in the famous
series I, Robot (1950) by the writer Asimov, but the concept of “industrial robotics”, as we

know it today, was born about ten years later, around the 1950s.

The Robot Institute of America (1979) defined a robot as a “reprogrammable, multifunctional
manipulator designed to move material, parts, tools, or specialized devices through variable
programmed motions for the performance of a variety of tasks”. Robotics is therefore an
interdisciplinary science which involves knowledge of mechanics, biology, computer science,
linguistic, psychology, and automation (Magnani 2020). According to Magnani (2020),
industrial robots have three main characteristics: they operate exclusively in industrial
environments, are programmable and can interact with the physical environment, relating, for
example, to other production devices. Industrial robotics encompasses traditional automation,
meaning entire automated production processes, integrated robotics which consists of robots
inserted in particular points of the production line, and the collaborative robotics referring to
collaborative robots, better known as co-bots, able to physically interact with humans in a

shared environment (Martinelli et al. 2021).

The International Federation of Robotics (IFR), the organization which provides statistics about
robotics in the world, as well as part of the data included in the dataset of this dissertation,

identifies an “industrial robot” based on the definition provided by the Industrial Organization

21



for Standardization (ISO 8373:2021). According to ISO (2021) and IFR (2022) an “industrial
robot” is an ‘“‘automatically controlled, reprogrammable multipurpose manipulator
programmable in three or more axes, which can be either fixed in place or mobile for use in
industrial automation applications”. This means that an industrial robot has at least three axes
identifying the direction in which the robot can move in a linear or rotary mode. In addition,

according to the definition, robots are:

e Automatically controlled. The robot is controlled by a system which operates in
accordance with a set of instructions for motions and additional functions that define a
specific task program. Non-automatically controlled operations are manual operations,
performed by humans that use input devices, as joysticks or pushbuttons, to move the
machine.

e Reprogrammable. Robots are designed so that the programmed motions or auxiliary
functions can be changed without physical alteration of the mechanical system.

e  Multipurpose. With physical alteration, a robot can be adapted to a different application.

e Manipulator. Robots are machines with the purpose of grasping and/or moving objects
like pieces or tools.

e Fixed in place or mobile. Robots can be mounted to a stationary or non-stationary point.

This definition is quite similar to the one mentioned before by the Robot Institute of America,
but here a more precise and mechanical description is present. In fact, like Martinelli et al.
(2021), IFR classifies six categories of industrial robots due to their mechanical structure and

kinematic configuration (see Table 2):

e Articulated robot. A robot whose arm has at least three rotary joints. This configuration
of robot works as a human arm able to move in a spherical environment and can find
application in spray painting or welding, as well as packaging or sealing.

o Cartesian (linear/gantry) robot. A robot whose arm has three prismatic joints and whose
axes are coincident with a cartesian coordinate system. Typical uses of these robots are
Pick-and-Place work or assembly operations.

e Cylindrical robot. A robot with axes forming a cylindrical coordinate system, allowing
the robot to reach the workspace in a rotary movement. This class of robots is used for
machine tool loading, forging applications, or packaging operations.

e Parallel/Delta robot. A robot whose arms have concurrent prismatic or rotary joints.
Usually, the end effector (the device at the end of the robotic arm) is linked to the base

by three or six independent arms which work parallel, meaning that they work together
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and co-ordinately, but not necessarily aligned in parallel. This configuration finds
application in handling, assembly, and Pick-and-Place operations.

o Selective Compliance Assembly Robot Arm (SCARA). SCARA are a type of robot with
two parallel rotary joints allowing the robotic arm to move on the horizontal plane and
an outlet that can rise and fall in the vertical one. This type of robots is specialized in
high speed and repeatability operations in series assembly, such as Pick-and-Place from
a place to another.

e Others. This category includes robots which do not belong to the classes described

above.

The classes described above belong to the industrial robotics and particularly refer to stationary
robots, the most implemented in factories. But robots are also used in the services area. The so-
called service robotics, which includes professional and personal applications, is a fast-growing
sector whose applications range from home use to surgery (Magnani 2020). Despite the great
variety of applications, the purpose of both industrial and service robotics was always — and
still is — to duplicate or improve the human function, supporting or substituting him in the more

dangerous activities (Hockstein et al. 2007).

To avoid confusion at this point of the dissertation, it is appropriate to note that where not
otherwise specified (especially in the following chapters), with the terms “industrial
automation”, “industrial robotics”, “industrial robots”, “robotics”, and “robots”, we will refer
to the industrial robots employed in factories, for which we have installation and stock data

provided by IFR.
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Table 2. Categories of Industrial Robots

Workspace Photo

Kinematic Structure

Robot

Articulated

Cartesian

Cylindrical

Parallel

SCARA

Source: ISO 8373:2021
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1.2.2 A Brief History of Industrial Robotics

According to Zamalloa et al. (2017), four generations of robots can be identified in the history
of industrial robotics. The first generation conventionally covers the period between 1950 and
1967. In these almost two decades, robots were essentially programmable devices with no
ability to effectively regulate the modality of execution of their operations. From the hardware
point of view, they had a low-tech apparatus and arms were not so flexible. The first digitally
operated and programmable robot was designed in 1954 by the U.S. inventor and entrepreneur
Devol, named the “Grandfather of Robotics”. In the early 1950s, Devol developed the concept
of “unimation”, resulting from the merger of the terms “universal” and “automation” and, a few
years later Unimate#001, the first robot, was born. Unimate#001 was designed to carry out
operations potentially harmful to human and it was installed for the first time on an assembly
line at General Motors’ die-casting plant in Trenton (New Jersey, USA) in 1961. Since this
date, other factories in the automotive industry started to adopt the new technology, innovating
their productive process, mainly employing Unimates for spot-welding of cars and handling of
workpieces. However, due to the difficulty to reprogram them and the rudimentary level of

technology, Unimates were able to perform only a single and repetitive task.

The second generation of industrial robots ranges from 1968 to 1977. In these years, robots
were programmable machines with integrated sensors and evolved control systems
(microprocessors or PLC — Programmable Logic Controllers) which allowed them to interact
with the external environment, perform both point-to-point motion and continuous paths
(Zamalloa et al. 2017; Gasparetto and Scalera 2019). Compared to the ones of the first
generation, these robots could perform more complex operations, but their versatility was not
particularly high because each robot was provided with its own specific software, devoted to a
specific task and difficult to reprogram. Between 1972 and 1974, the Swedish company ASEA
(now ABB) developed IRB-6, the first electric industrial robot that was controlled by a
microcomputer. The robotic arm could be programmed, and it was used for material handling,
packing, transportation, polishing, and welding. IRB-6 was crucial for the development of

robots easier to program.

The third generation of industrial robots spans from 1978 to 1999. Robots developed in these
two decades were characterized by a higher level of interaction with the human operator and
the surrounding environment, thanks to the implementation of complex interfaces which gave
robots the ability to see and speak, for example (Gasparetto and Scalera 2019). Finally, this

generation of robots could be reprogrammed, and some had even self-programming capabilities
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to execute different operations (Zamalloa et al. 2017). Robots could also process data from
sensor readings and modify their movements to account for environmental changes. Therefore,
robots of third generation were provided of some sort of “intelligence”, with adaptive
capabilities which enabled them to carry out more complex tasks (Gasparetto and Scalera 2019).
In these years, several scientific and technical improvements fostered the spread of industrial
robotics. In 1978, for example, the Japanese scientist Makino presented a new kinematic
structure, giving life to SCARA robots (see Table 2), mainly employed in the assembly of small
objects. In 1981, a General Motors factory implemented a new system, called Consight, through
which three different robots could use visual sensors to pick out and sort six different auto parts

as 1,400 parts per hour moved by on a conveyor belt.

Industrial robots of the fourth generation, started from 2000, are characterized by the inclusion
of advanced computing capabilities that make them able to reason and to learn (Zamalloa et al
2017). In this period, the advances in field such as artificial intelligence, neural networks,
logical reasoning, deep learning, and collaborative behaviour, started to be included partially
or on an experimental basis, enabling robots to adjust more and more efficiently to the different
circumstances they face. Improvements in the robot security systems and in the human-robot
collaboration led men and robot to work together interacting with each other in the same
environment, as in the case of the most recent co-bots. In an ever-closer future, thanks to the
advance in collaborative robotics and related fields, robots will come out of the factories to
support humans in everyday activities, simplifying and improving their life. According to
Zamalloa et al. (2017), just the introduction of co-bots could identify a fifth generation of
robots. The generation that will allow to move from mass customization (robots created to
perform specific tasks) to mass integration, thus robots and humans peacefully coexist in
society. The latest generations of robots, in addition to presenting high levels of intelligence
and the ability to make decisions autonomously just like a human, increasingly resemble the
human body in their set-up too, following the dream of automata, designed since the Hellenistic
era. The recent humanoid robots presented by cutting-edge companies such as Boston
Dynamics’ Atlas, Tesla’s Optimus Bot, or Xiaomi’s CyberOne are examples of these advanced

robots’ configuration (Figure 2).
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Figure 2. Examples of Humanoid Robots

(a) Boston Dynamics’ Atlas. (b) Tesla’s Optimus Bot. (c) Xiaomi’s CyberOne.

1.2.3 Robotics Around the World: A Geographical and Industry Framework

According to the latest available data provided by IFR in the World Robotics 2022 Report, in
2021, robots installations around the world reached a new record level, with the placement of
517,000 new units. Robots installations grew by 31 percent compared to 2020 and their stock
in 2021 amounted to 3.5 million units, with a 15 percent increase compared to 2020. Although
the years of Covid-19 pandemic, in the five-years period from 2016 to 2021, global new
installations of industrial robots grew with an annual average of 11 percent, while the
operational stock of industrial robots registered an annual increment of 14 percent on average

(Figures 3 and 4).

Figure 3. Annual Installations of Industrial Robots in the World (1,000 units)
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Figure 4. Operational Stock of Industrial Robots in the World (1,000 units)
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From a geographical perspective, for years the American and European areas were the major
adopters of industrial robotics technology, but the Asian market has grown quickly, with China
and Japan that hold the record of annual installations in 2021, with respectively 268,200 of new
units (+51 percent compared to 2020) and 47,200 (+22 percent). It is interesting to note that
now China installs more industrial robots per year than all the countries of the rest of the world

brought together, with an annual average of 23 percent in the five-years period 2016-2021.

Looking to the future, IFR (2022) estimated a global +10 percent installations growth in 2022
and then a 7 percent growth per year until 2025. According to forecasts, in the next three years,
the Asian region will still be the main protagonist, with numbers ranging from 400 thousand
new units in 2023 to over 500 thousand in 2025, distancing considerably from the number of
annual installations that will carry out Americas and the European region, both taken separately

and together (Figure 5).
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Figure 5. Annual Installations of Industrial Robots 2020-2025 (1,000 units)
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According to the World Robotics 2021 Report by IFR, in 2020 the world average robot density
in the manufacturing industry was 126 per 10 thousand of employees. In Europe, the average
was about 123 robots per 10 thousand of employees, with Germany having the highest score of
371. The American average is 111, with the United States having 255 robots per 10 thousand
of employees. Lastly, the highest average in robot density in 2020, was held by Asia, with
Singapore and Republic of Korea having the highest robot density in the manufacturing
industry, with respectively 932 and 605 industrial robots per 10 thousand of employees,
followed by Japan (390) and China (246). In Figure 6, we summarized the score of the countries
in our dataset, comparing them with the European average: only United Kingdom is below

average with 101 robots per 10 thousand of employees.
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Figure 6. Robot Density in 2020
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Among the countries selected in our dataset, Japan has the highest concentration of robots.
Among all countries of the world, Japan also has the longest history in the implementation of
industrial robots in its factories (Lynn 1983) and it is nowadays the second larger robot installer
in the world after China (IFR 2022). In 2012, the population of Japanese robots per worker was
10 times that in the United States and 5 times that in Europe. Furthermore, as underlined by
Dekle (2020), Japan remains an exception regarding the social impact of robots. In this country,
in fact, there is no public clamour about the belief that robots can pose a threat to human labour.
Indeed, robots are more seen as a source of economic survival, as the nation suffers from a
serious and chronic shortage of labour force, due to the aging of the population and the decline
of births. Almost certainly, Japan will be the nation to replace the largest number of jobs with
robots, so much so that in 2014, Prime Minister Shinzo Abe presented a series of reforms with

the goal of growing the robot market up to 21 billion dollars by 2020.

Germany takes second place among countries in our dataset and the fourth place in the global
ranking for density per 10 thousand employees. German robots, in fact, are more than those in
the United States and elsewhere except the Asian region. As reported by Dauth et al. (2017),
since 1994 in Germany there were almost two industrial robots installed per thousand workers,
more than twice the European average and four times as many as in the United States.
Furthermore, Germany is the first major robot installer among European countries and fifth in

the world. Germany continues to be one of the leading countries in terms of manufacturing
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output and, although the higher number of robots, it boasts a significantly high percentage of
the population working in this sector. Moreover, Germany is not only a huge user, but also a

large producer of industrial robots: five of the twenty largest firms have German origins.

Ita