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Abstract: Only one third of studies on the Industry 4.0–sustainability link have been conducted in
manufacturing, despite its centrality to “ensuring sustainable consumption and production patterns”
(UN Sustainable Development Goal nr. 12). The European Ecodesign Directive singled out machine
tools as key to the sustainability transition, not least due to their high energy usage and their
increasingly becoming enmeshed in cyber-physical production systems. This paper aims to find out
whether the digital transformation underway in machine tools is sustainable as well as to identify
its central technological pathways. Externalities in machine tools are tracked over three decades
(1990–2018) by means of a multi-method setting: (1) mapping the Technological Innovation System
(TIS) of machine tools; (2) co-occurrence analysis of transnational patent families, in order to reduce
geographical and market distortions (Questel’s FAMPAT); and (3) analysis of the incidence of digital
and sustainable technologies in machine tools patent applications (WIPO PATENTSCOPE). A smart
sustainability transition is currently not hampered by a lack of smart technologies but rather by the
sluggish introduction of sustainable machine tools. Cyber-physical and robot machine tools have
been found to be central pathways to a smart sustainability transition. Implications for harnessing
externalities reach beyond the machine tools industry.

Keywords: digitalization; digitization; Industry 4.0; patent mapping; smart manufacturing; sustainable
manufacturing; co-occurrence; Technological Innovation System; TIS

1. Introduction

Most industrialized economies worldwide are currently undergoing a double struc-
tural shift. While the digital transformation is turning manufacturing operations into
“smart” integrated networks, for which the term Industry 4.0 has been coined [1,2], a large-
scale sustainability transition is unfolding in the form of “long-term, multi-dimensional,
and fundamental transformation process[es] through which established socio-technical
systems shift to more sustainable modes of production and consumption” [3] (p. 956), e.g.,
in the Circular Economy and Industry 5.0 [4,5]. Although Industry 4.0 started out as a
policy-driven concept, recent studies have shown that it has begun to dominate scientific
research agendas on a worldwide scale, particularly research on manufacturing [6–8],
including machine tools [9].

The sustainable and digital transformations are playing out in quite distinct arenas.
Although the very recent surge in scientific literature on Industry 4.0 testifies to a gradual
process of amalgamation of Industry 4.0 with sustainability (e.g., [2,10–13]), their joint
dynamics in a production and consumption context are still poorly understood [14]. Fur-
thermore, there is a need for studies on the link between digitization (e.g., Industry 4.0) and
sustainability to branch out into multiple disciplines [15], including economics. As smart-
ness is equated with technologically efficient solutions, if these “perpetuate short-term,
unsustainable ways of life then their claim to, smartness’ is hardly appropriate” [16] (p. 695).
By way of example, reconciling sustainability in production (e.g., through electromobility)
with Industry 4.0 data tracking may prove to be difficult to accomplish: China has made
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real time monitoring of electric cars a prerequisite for production licenses which has led to
additional data traffic amounting to 850,000 GB per year, an equivalent of over 4500 tons
of yearly CO2 emissions, which deduct from any emissions reductions achieved through
electric mobility [17].

Only one third of studies on the link between Industry 4.0 and sustainability have
been conducted in the manufacturing sector [18,19], which contrasts with the fact that
manufacturing is considered indispensable for making a transition which is both smart and
sustainable [20] in order to leverage the private sector’s contribution to the UN Structural
Development Goals (SDGs) [21], particularly that of “ensuring sustainable consumption
and production patterns” (SDG 12) through the reduction of waste and better waste
management [10].

Of all manufacturing sectors, machine tools have been identified as key to this sustain-
ability transition due to their high energy usage, which has prompted their inclusion in an
indicative list of product groups with significant improvement potential in the context of the
European Ecodesign Directive [22]. Additionally, machine tools are increasingly becoming
enmeshed in cyber-physical production systems [23]. A rather conservative industry with
tight margins is thus put under transformative pressure [1] to make a double transition
which is both smart and sustainable. Having played a strategic role in industrialization,
especially in the United States [24], the state of the machine tools industry continues to
serve as an indicator of the state of national innovation in industrial engineering [25] as
well as of the state of global manufacturing at large, for which it is critical [26]. Rather than
conducting a study of manufacturing in general, which would cloud sector differences,
the machine tools industry was chosen for this paper due to its being a “bellwether of
manufacturing acumen” [26] (p. 143) which indicates shifts in countries’ competitiveness
in manufacturing in a timely manner. As a cumulative systems technology comparable
to semiconductors [27], machine tools are a linchpin for a sustainable transition of both
production and consumption as they are enmeshed in intense user–producer interaction
innate to the industry [28,29]. Consequently, the machine tools sector may offer a blueprint
for the smart sustainability transition of economies at large. This will aid in better under-
standing the way in which digitization, innovation (as exemplified by the emergence of
new technological trajectories and industries out of mature ones), and sustainability are
intertwined.

This paper adds to the sparse literature on the link between the digital transformation
and sustainability in the mature sector of manufacturing. It aims to determine whether
the digital transformation underway in machine tools is sustainable, with the objective of
identifying the central technological pathways of a smart sustainability transition. Based
on a multi-method approach, the possibility of a smart sustainability transition being
established empirically in the machine tools sector is investigated against the backdrop of
the Technological Innovation System (TIS) approach in order to identify the technologies
central to this transition. As the focus of machine tools industry studies has typically been
regional [30] or national [31,32], this paper is the first to address machine tools as a global
TIS with a focus on externalities. Externalities indicate a cross-fertilization of technological
fields [33]. If inter-industry externalities materialize in smart and sustainable fields, these
can be considered a marker of a smart sustainability transition which cuts across industry
boundaries. The machine tools TIS is mapped in a timeline spanning the three decades
between 1990 and 2020 in order to provide insight into the competitive field, including
clusters as drivers of externalities. Externalities indicating new technological fields are
then systematically tracked by means of a patent co-occurrence analysis (based on the
patent database Questel’s FAMPAT) for three decades beginning in 1990 (pruned to the
year 2018 due to pending patent publications). Patent co-occurrences relate to IPC classes in
which patents are jointly categorized during the examination process, and are considered
a valid indicator of externalities as they are less prone to geographic distortions [34]
and more reliably indicate knowledge flows in complex technologies as compared to
patent citations [35]. The transnational (“world market”) patents targeted in this study
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have scarcely been employed in patent analyses to date despite their effectiveness in
greatly reducing geographical and market bias [36]. The latter is particularly important
in a TIS such as machine tools with its decidedly global reach, visible in the growing
world market power of China and South Korea. Furthermore, the incidence of digital
and sustainable technologies in machine tools is measured by tracking and comparing
PCT patent applications for the two periods, 1990–2004 and 2005–2018 using WIPO’s
PATENTSCOPE.

As it takes time for externalities to materialize, their existence can only meaningfully
be ascertained in mature sectors [37], which have attracted less TIS research to date. This
contrasts with the need to understand the crucial role of the maturity and decline of tech-
nologies in driving the sustainability transition [38]. In complementing the TIS framework
by addressing externalities, the paper contributes to filling a long-standing research gap in
TIS studies [33]. As opposed to a number of TIS models which either refrained from includ-
ing externalities or inferred them from the existence of alliances and a shared labour pool
rather than directly measuring them [39], this paper offers a direct measure of externalities
based on patent data.

Contrary to expectations, a smart sustainability transition is currently not hampered by
a lack of smart technologies but, at least to date, by the sluggish introduction of sustainable
machine tools. Two Industry 4.0 trajectories have been established in the co-occurrence
analysis: cyber-physical machine tools, which facilitate a prolonged life cycle of tools, and
robot machine tools, which make use of modularity in order to decrease energy usage.
By contrast, sustainable manufacturing in machine tools remains a niche phenomenon
compared to Industry 4.0. The two Industry 4.0 trajectories identified with respect to
machine tools may offer central pathways to a smart sustainability transition.

The paper is organized as follows. First, the results of a literature review are presented
(Section 2), followed by the materials and methods employed in the study (Section 3). Then,
the results of the TIS mapping and the two patent analyses are presented (Section 4). This
is followed by a discussion of the results, including some limitations (Section 5). Section 6
concludes the paper and provides policy implications.

2. Literature Review
2.1. Interface of Digitization and Sustainability in Machine Tools

Existing literature reviews, however instrumental in charting the scientific terrain of
sustainability and Industry 4.0 in its entirety (see e.g., [2,4]), are not sufficiently informative
as to the specific research question of this paper, that is, the potential emergence of a smart
and sustainable trajectory in manufacturing as exemplified by machine tools. Concrete
applications in manufacturing, e.g., in smart factories [7,40], including smart machine tools,
have not been investigated in-depth in their relationship with sustainability apart from
case studies confined to particular types of machines [41]. Prior analyses of either the
field of sustainability, Industry 4.0, or the link between the two [8] looked at the topic
from a wide angle [40] and often included smart consumer products, which clouds sector
differences. Studies on the link between Industry 4.0 and sustainability are plagued by the
“double disease” [42] of a predominance of practitioner’s reports on the one hand and a bias
towards technological studies on the other. For instance, studies have dealt with recycling
of, e.g., machine tool coolants [43] and industrial symbiosis [44,45], the digitization of
machine tools [18] and sustainable, energy efficient machine tools [23,46] from a purely
technological angle. Economic studies of the peculiarities of the smart sustainability
transition in manufacturing are needed [11,42,47,48], and have a particularly crucial role as
concerns smart machine tools [49].

Smart machines with sensors and actuators enable the tracking of thermal and mechan-
ical deformation and offer automization potential in the production processes of machine
tools [50]. Optimally matching machine tools and work pieces saves energy (e.g., in cutting
and by reducing power losses) and thereby increases sustainability, which can be supported
through adequate design of parts and tools [43]. Machine tools trained by means of deep
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learning help to minimize resource use and increase machining efficiency [9]. Facilitat-
ing knowledge and data exchange between materials, their digital twins and machine
tools in cyber-physical production systems [51] further increases options for recycling and
reuse, e.g., by means of electronic passports indicating the origin of materials employed
in production, and allows resource savings from predictive maintenance. Producers can
comprehensively track, monitor and mine production-related data over the life span of
products and better align consumption patterns with resource availability as part of busi-
ness models, including after-sales service, and, potentially relaunch products by means of
remanufacturing [52]. Experience in the construction machinery industry demonstrates
the successful remanufacturing of high-value components (generally the motor) and their
subsequent reuse in a new product cycle [52]. This increases sustainability, as it saves on
resources and prolongs the lifetime of machine tools and related machines.

The latest digital repercussion, flexible manufacturing cells based on microprocessors,
may open up further sustainability potential through, e.g., improvements in the production
technology of modular machine tools (as shown in life cycle assessments [53,54]). Modular
machine tools have been produced in Japan since the 1960s in order to increase flexibil-
ity [55]. However, modularity is instrumental for sustainable machine tools as well, as it
enables disassembly, recycling, and eventual reuse of end-of-life machine tools or their
component parts, as modules are easier to disassemble than integrated parts [56]. This may
become crucial in light of scarcities of necessary metals, and thereby contribute to higher
levels of economic and ecological sustainability. The latest digitization wave of Industry 4.0
(Figure 1) could see machine tools become a set of fully-fledged general purpose technolo-
gies [57,58], giving rise to productivity gains in a wide range of sectors [28,59] comparable
to nanotechnology [60].

Figure 1. Evolution of machine tools from industry 1.0 to Industry 4.0. Source: own representation
by author. For definitions and explanations on technological concepts mentioned see [23,53]; timeline
indicates major watershed events without representing year spans in exact proportion.

In sustainable manufacturing, a decade of environmental studies has established
increased resource productivity due to saved energy and materials use, e.g., in the moulding
of car parts by means of additive manufacturing [61], which brings down production
waste levels [7,62]. Although the Industry 4.0 technique of additive manufacturing is an
emerging technology with a limited number of large-scale application cases to date [63,64],
3D printing may offer a case in point of a smart and sustainable technology. For instance,
in the production of medical technology the use of strategic metals like tungsten has
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been considerably reduced by employing 3D printing, increasing both economic and
ecological sustainability. Based on data on science funding and publications in machine
tools, the future of the machine tool industry has been projected “to be low energy, high
efficiency, green and sustainable” [9] (p. 16). However, additive manufacturing technologies
such as selective laser melting require an elaborate preparation of feedstock materials and
post-processing, which decreases material efficiency [65] and could exacerbate resource
consumption and compromise sustainability [63]. Remanufacturing of outdated milling
machinery leads to the employment of machines which may be put to efficient use only
with materials processed at low-cutting speeds, such as nickel-based alloys, and which are
not able to be used with materials such as aluminium alloys which require a higher cutting
speed [66]; the result is less energy-efficient machine tools.

Evidence of the sustainability impact of Industry 4.0 machine tools is thus all but
equivocal [11], as functionality and cost considerations have dominated machine tool
design so far. Green manufacturing initiatives (beginning in the 1990s and targeted at a
broad spectrum of industries) have sought to minimize energy consumption of machining
systems and machine tools over their lifespan [46,67] and, more recently, investigated
their potential to scale down resource consumption and environmental discharges more
generally by including all material resource costs (e.g., scrap iron, externalities of coolants)
incurred by manufacturing [43,58]. Though machine tool choice figures as a decision
parameter in these models, the machine tools sector is reduced to a supplier of a productive
resource and user of non-renewable energy sources from an engineering point of view,
and does not figure as an economic unit of analysis of its own. By contrast, the machine
tools innovation system is investigated here against the backdrop of the TIS approach,
with a particular focus on whether the machine tools trajectory is permeated by a smart
sustainability trajectory.

The focus in this paper lies on the interface between the economic and the ecological
sustainability pillars in manufacturing [63], with the economic pillar [7] less solidly founded
than the ecological [21]. While examples such as smart machine tools [50] which are
sustainable through being more energy-efficient than traditional tools [23,46] do exist, the
question remains whether these are singular events or if they are piece and parcel of a
wider-reaching smart sustainability transition in which digital and sustainable technologies
reinforce each other. With the risk–return profile of Industry 4.0 largely unknown and its
repercussions spanning all areas of the triple bottom line [6], more theoretically-grounded
research is needed on the intersection between Industry 4.0 and sustainability on the level
of mature sectors, particularly in machine tools.

2.2. TIS Research on Externalities

Two types of externalities, intra-industry (Marshall type) and inter-industry (Jacobs
type) externalities have been identified in the literature on economic geography [68] based
on the seminal works of Marshall [69] and Jacobs [70]. In TIS research, externalities have
been found to originate from “problem-solving networks in the form of user-supplier
links” [71] (p. 201) and, in the tradition of Marshall, have been inferred from the ex-
istence of three factors: specialized suppliers, a pooled labour market, and knowledge
spillovers [72]. Spillovers have been shown to be central to an economy’s ability to trans-
form research and development results into long-run growth [73]. This perspective is
compatible with clusters specializing in a particular technology, that is, intra-industry
spillovers. By contrast, diversification into fields which are mostly similar to the current
core field while offering novel ideas in the sense of related variety [74] (inter-industry
spillovers) have been considered essential for the development of a TIS [75].

TIS researchers have expressed the need to expand the range of empirical cases by
addressing sectors outside the energy sector, and particularly to address multi-sector inter-
action [76] in mature sectors [38], which can give rise to inter-industry externalities [75,77].
Inter-industry externalities indicate a cross-fertilization of technological fields [33] and
contribute to a revamping of functional patterns of production and consumption [78]
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across industries, particularly in TIS located upstream in the value chain [79], such as
machine tools. Inter-industry externalities are thus a key process driving Technological
Innovation System, not least through an acceleration of the diversity of actors in a TIS [72],
which increases the likelihood of an advantageous adoption of bottom-up policies (e.g.,
green manufacturing) backed up by broad advocacy coalitions [80]. Tapping into the
resources of heterogeneous partners to form these beneficial coalitions is crucial in the
digital transformation [15]. Due this multi-industry embeddedness [58], the machine tools
TIS brings together the requisite heterogeneity of actors indispensable for a shaping of the
corresponding layers of the selection environment [81] in this mature but highly innovative
and dynamic [82] TIS.

This paper focuses on these essential inter-industry externalities which induce innova-
tion, whereas intra-industry externalities are more likely to lead to imitation [83]. Examples
of inter-industry externalities include combinations of machine tools with ICT and climate
change mitigation technologies, which leads to new production ecosystems (e.g., smart
factories with sustainable, energy-efficient machine tools) or services (e.g., Industry 4.0
Servitization combined with Repair and Reuse). Apps which enable exchange and reuse of
knowledge between autonomous tools are a symptom of a more general reconfiguration
of the machine tools value chain with “cross-border competition”, particularly between
ICT firms, electronics firms and traditional machine tools companies becoming “the norm
in the future” [9] (p. 20). The long lifespan of machines necessitates regular maintenance,
and gives rise to intense user-producer interactions over a product life span, which will be
additionally spurred by digitization [84].

The mature sector of machine tools has thus far been mainly conceptualized as a
regional [30,84] or national innovation system [25,31,32] or studied on the firm level [84,85].
Based on multiple data sources (as in the present paper), Chen et al. [9] provide an analysis
of the evolution of the machine tool sector from the viewpoint of funding and topical
networks, although without embedding it in a theoretical framework, as is done here
against the backdrop of the TIS approach, and without exploring externalities. An early
contribution to the exploration of machine tools as a TIS avant-la-lettre was provided by
Rosenberg [24] and re-evaluated for differences and communalities with the ICT sector
by Bresnahan in 2019 [29]. While the latter study [29] focuses on the ICT trajectory in
isolation (e.g., exemplified by software as service, big data, and Artificial intelligence), this
paper is interested in the convergence patterns of ICT with sustainable technologies in
machine tools.

3. Materials and Methods

In answer to the plea made in the tech-mining approach, which mandates a combina-
tion of analysis of scientific literature with patent analysis in order to trace technological
trends in an informative, reproducible, and efficient manner [86], this paper investigates the
evolution of the machine tools TIS over the last thirty years by employing a multi-method
design. Based on a broad literature base, a TIS mapping analysis was first conducted,
followed by two in-depth patent analyses covering the same time frame.

The TIS map was based on a literature survey (scientific literature, industry reports)
and on patent data, with the timeline spanning a series of events from the first appearance
of the term ‘sustainability’ in an ecological-economic-social context in 1987, to the inception
of cyber-physical production systems in 2006 [1], to Industry 4.0 in 2011 [87], to the Circular
Economy Action Plan and Industry 5.0 of the European Commission in 2015 and 2019,
respectively.

The patent co-occurrence analysis was based on a proprietary patent database (FAMPAT
of Questel’s Orbit Intelligence database) and an open access patent database (WIPO
PATENTSCOPE) in order to ease replication, as encouraged by Börner and Polley [88].
Patents can be considered as a proxy for technological development [89] and have been
used as a means to identify the developmental stage of a TIS [90] along with technological
sub-trajectories and trends [91] mirrored in patent maps and patent networks.
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With the aim of mapping the technological trajectories of the machine tools TIS as
closely as possible from a technological rather than national angle, it was important to
avoid a geographically distorted picture of patenting in machine tools. In keeping with
the global reach of the machine tools TIS following its dominant customer, the automobile
industry, a national system demarcation targeted at machine tools patents taken at only
one patent office was therefore inadequate, as such a patent sample would only reflect
part of the relevant world market. While the Worldwide Patent Statistical Database of
EPO (PatStat) contains patent data from countries in different technological developmental
stages, USPTO patents are more informative as to the longitudinal patterns of cutting-edge
technology [92]. However, the distortion of patent counts due to strategic patenting is more
prevalent in the USPTO than in other databases [93]. In order to reduce geographical bias,
triadic or transnational patent families may be considered instead. Many studies to date
have employed triadic patent families which have been applied for at each of the three
patent authorities (USPTO, JPO and EPO) and share at least one common priority [94]. An
alternative to triadic patents are transnational (“world market”) patents, which are patents
filed over the international PCT route irrespective of their subsequent application at the
EPO, plus all those patents filed directly at the EPO without prior PCT application [36] (the
latter is important in order to avoid double counting); this has been shown by the same
authors to greatly reduce geographical and market bias.

Transnational patents were preferred over triadic patents in this paper for two reasons:
as the USPTO published only granted patents until the year 2000 and not applications,
the first ten years of the sample period would see patent grants (USPTO) and applications
(JP, EPO) mixed, with further delays due to patent pendency [36,95]. Second, and more
importantly, international trade flows, particularly of newly industrialized countries, are
incompletely captured by triadic patents [36]. In light of the growing world market power
of China and, more recently, South Korea in machine tools, this would be a serious omission;
therefore, transnational patents are the basis of the following co-occurrence analysis.

Patent co-occurrences were employed as a measure of externalities. Patent co-occurrences
have previously served as an estimate of the technological significance of patents and as
a way to map transitions in technological landscapes over time [96,97], and can offer a
valid way to measure externalities [89,98]. Patents are usually filed in more than one IPC
class by expert examiners [99], and the fact that two or more IPC classes occur together
in the same patent (co-occurrence) can be used as an indicator of externalities flowing
between the respective technological fields covered by these classes. The allocation of IPC
codes to patents is an indicator of the developmental state of a technology, and it has been
argued that additional text mining on patent documents is dispensable as the analysis
can be directly focused on the IPC codes or subclasses thereof [95]. The 4-digit level of
IPC classes (level of subclasses) was chosen in this paper, as this is most appropriate for
analyses pertaining to the level of technologies rather than to specific countries [100]. In
this way, the set of technologies covered is large and detailed enough to allow increasing or
declining technological fields to be uncovered with a good degree of accuracy [95]. The
methodology of measuring co-occurrences builds on prior work by the OECD [98] which
has been used to analyze technology emergence in nanobiotechnology [101]; in the context
of this paper, it was applied with the aim of uncovering a smart sustainability transition in
a mature sector.

Citation analysis was not utilized as an alternative way of measuring externalities
in this study. The fact that a patent has been cited by another patent can be considered
a measure of knowledge flowing between the two patents, and citations have thus been
employed as a means to identify clusters between topical fields and the proximity relations
of firms’ patent portfolios [92,102]. However, as the majority of patent citations are made
by patent examiners [103], citation as a measure of externalities offers the same level of ob-
jectivity as co-occurrence, with the added disadvantage that inventors are often unaware of
cited patents when launching their invention [104]. Furthermore, patent citations have been
shown to be geographically distorted [34] and subject to strategic patenting, in addition to



Sustainability 2022, 14, 838 8 of 28

being a less reliable indicator of knowledge flows in complex technologies [35]. The latter
compromises the usefulness of patent citations as a measure of externalities in machine
tools, as these are increasingly complex general purpose technologies. A co-occurrence
analysis based on transnational patents (Questel’s FAMPAT) and an analysis of the in-
cidence of digital and sustainable technologies in machine tools based on PCT patents
(WIPO PATENTSCOPE) were therefore conducted in this paper. As a starting point, the TIS
mapping analysis set the stage for the ensuing focus on the function of the development of
externalities provided by the two patent analyses.

4. Results
4.1. TIS Mapping Analysis

Centering around a focal technology [33,105], the TIS framework links functions
(among them the development of externalities) as key innovation-related processes of the
system [80] to its components (like producers and consumers) which in a more or less
concerted fashion contribute to overall system performance [77,106]. TIS studies usually
refer to a set of seven system functions [72,77,80,107,108]. The system functions highlighted
in bold face type in Figure 2 are in concurrence with those employed in existing studies
but, in contrast to these studies except for [80], include externalities. The paper goes
beyond [80] by including negative externalities as well. The most important basic TIS
functions with respect to the shaping of the technological expansion path, namely, guidance
of the search, knowledge development and diffusion, and the hitherto-neglected function
of positive externalities [72,80] will be particularly focused on in the following; the term
‘externalities’ is used here instead of ’positive externalities’, in order to include potential
negative spillovers, e.g., those induced by market-stealing [109] in intra-industry and,
increasingly, inter-industry competition.
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The TIS map (Figure 2) cannot claim to provide a comprehensive picture of the machine
tools industry in its global reach, though every effort was made to map the main activities
of the competitive fields, including the most important global players in the TIS (proxied
by top patentees) as mirrored in industrial policies, standardization, and industry cluster
initiatives, among others, and to tentatively outline functional pathways.

4.1.1. Knowledge Development and Diffusion

The development of externalities is inextricably intertwined with knowledge develop-
ment and diffusion in machine tools. Knowledge is created through a double loop: an inter-
nal loop, as machine tools firms produce the machines with which machine tools are pro-
duced in turn, and an external loop, as their “infinitely modifiable product[s]” [110] (p. 163)
afford constant user–producer interaction. This can give rise to externalities based on com-
plementary types of knowledge from suppliers and users [78,80]. Knowledge development
is fuelled by this inherently “social process of machinery design and production” which is
indispensable for leading-edge customized machinery [31] (p. 95) and propels innovation
in various downstream industries which employ machines “descending” from machine
tools as their mother machines [41,111].

This knowledge is then at least in part channelled into codified forms, e.g., taking
the shape of patent trajectories. Overall, Japanese applicants have launched the most
machine tools innovations as measured by the number of granted patents between 1990
and 2018, followed by China, the USA, and Germany (Table 1 and Figure 3). The countries
of origin indicate where the inventive work was carried out, rather than where the patent
has been filed.

Table 1. Top four patenting countries in which machine tool patents (technology class nr. 26) have
been granted worldwide 1990–2018.

Applicant Country of Origin Total Number of Machine Tools Patents (Granted 1990–2018)

Japan 174.898
China 100.861
USA 97.416

Germany 77.662
Equivalent count, top patentees only, fractional count of patents which have been assigned multiple IPC codes
and therefore belong to several technology classes in the period 1990–2018. Source: based on data retrieved from
WIPO Statistics Database of World Intellectual Property Organization which draws on PatStat, last accessed on
27 October 2020 .
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Notable is the recent surge in the number of granted Chinese patents (green line in
Figure 3), although the quality of these may be lower compared to peer economies [112].
China has gained substantially in both employment and in the share of its manufacturing
value added in global GDP between 1994 and 2014 [113]. However, technological capacity,
when correcting for patent quality, is considerably lower in China than total patent numbers
would suggest [112]. In fact, 30% of the surge in Chinese patenting has been traced back
to the policy of grant-based patent subsidies initiated between 1999 and 2007, resulting in
lower-quality patents with narrow claims [114].

The five leading companies in terms of patent applications over the studied time
span are Robert Bosch GmbH (Stuttgart, Germany), Illinois Tool Works Inc. (Glenview, IL,
USA), Siemens Aktiengesellschaft (Berlin/Munich, Germany), 3M Innovative Properties
Company (Saint Paul, MN, USA), and JFE Steel Corporation (Chiyoda, Japan), as an analysis
by the author based on [115] has shown. While Robert Bosch GmbH had far more patent
applications, with 1945 compared to the second-ranked Illinois Tool Works (897), it owes
this position primarily to patenting in the first two decades of the thirty-year time span
under review, maintaining its top position only until 2013 when the US company Illinois
Tool Works applied for most of the patents in the field for the first time. A first indication
of the importance of inter-industry externalities is provided by the third-ranked company,
Siemens, being a company with a non-machine tools background positioned centrally
among patentees, in this case a conglomerate with a focus on digital industry solutions,
Internet of Things, and additive manufacturing. It is followed by another company from
outside machine tools, 3M, which specializes in electronics materials. This underlines
that the shift towards a smart transition in machine tools is corroborated by a growth in
patenting activity from outside machine tools and by rising levels of cooperation between
electronics firms, ICT companies, and machine tools companies. By way of example,
electronics firms such as Matsushita and General Electric have entered into co-operative
ventures with classical machine tools companies such as Fanuc in the last decade, which
on their own part have launched a growing share of electronics and artificial intelligence
patents and co-operative ventures with, among others, the artificial intelligence startup
Preferred Network from Japan [9].

4.1.2. Guidance of the Search

A firm’s principal products guide both the direction and rate of search, while unex-
plained variance points to a certain leeway in the search for new technological trajecto-
ries [116]. In transferring this to machine tools, companies in the field are constrained
by the accumulated technological competences pertaining to their core product(s), and
may push open windows of opportunity to attain new ones. The latter process is guided
by standards which curb and channel expectations of producers and users towards a
universally-acknowledged technological state of the art [59], giving rise to new expan-
sion paths [117]. Both Industry 4.0 and sustainability standardization have intensified
worldwide since the turn to the 21st century. CNC machine tools, as high-tech systems
technologies (consisting of controllers, sensors, etc.), require interface standards which
enable, for instance, both modularization and sustainable design, provided that premature
standardization implemented too early in the product life cycle is avoided, as this com-
promises the evolution of superior performing product platforms [117]. Standards thus
both mimic and boost the further evolution of the TIS, and can have a nurturing and a
blocking influence on the TIS depending on their timeliness and breadth. For Germany,
nurturing through standardization has been facilitated by the platform RAMI 4.0 begin-
ning in 2016, a reference architecture for Industry 4.0 production settings which reinforces
legitimacy-driven adaptation, as the technology’s reliability is perceived to be high [77].

Conformative pressures within the function Guidance of the Search arise from Circular
Economy regulations such as the Pathway to Recyclability Initiative in the US (2021) and
the Realisation of Acceleration of a Circular Economy (RACE) program in the Netherlands
(2014) on a national level, and the Waste Framework and Ecodesign Directives of 2008
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and 2009 on a transnational level. German producers of machine tools now face more
severe recycling regulations (e.g., through the extended manufacturers‘ liability in § 23 of
the Closed Substance Cycle Waste Management Act 2012), necessitating prolonged use
phases of their products and design for recycling and reuse. On an EU level, the Machinery
Directive, last updated in 2006, was originally addressed to machinery manufacturers and
consumer protection agencies as a means to increase social and ecological sustainability by
protecting health, safety, and the environment [118]. However, lobbying activities by the
European Association of the Machine Tool Industries and related Manufacturing Technolo-
gies reveal that they expect artificial intelligence, cybersecurity, and digital documentation
to be part of major revisions of the Directive in the course of 2021, which they wish to
be gradual rather than radical [119]. A similar stance was taken towards the European
ePrivacy Directive, which companies and industry associations feared would hamper even
machine-to-machine data exchange and slow down the Industry 4.0 transition [120].

The function Guidance of the Search is driven by industrial policies which are under-
girded by external events, e.g., the prominent positioning of Industry 4.0 at the Hannover
Fair in 2011 which, in Germany and beyond, triggered a series of government-subsidized
programs targeted at Industry 4.0 and digitization which peaked in the Mission statement
2030 for Industry 4.0 in 2019 and the launch of the GAIA-X platform, a joint digital platform
initiated by the German and French Ministries of Economics, in 2020. Similar industrial poli-
cies and entrepreneurial activities have been launched in Korea (Industry Innovation 3.0)
and China (Made in China 2025) with a focus on machinery, automotive and artificial
intelligence (China), and automotive and ship building (Korea). In Korea, based on a USD
200 million industry budget, counselling has been offered by large companies to small- and
medium-sized second- and third-tier vendors since 2014 with the aim of accelerating the
Industry 4.0 transition [121]. On the sustainability side of the equation, the energy transi-
tion, e.g., the German “Energiewende” starting in the early 1990s, has gained momentum
with the phasing out of nuclear power in 2011 and the European Green deal by the end of
2019, both of which have increased pressure on the manufacturing industry in general and
machine tools in particular to adopt a sustainable technological paradigm, e.g., through
more energy efficient machine tools. In Germany, a central part in industrial policy has
been played by the funding scheme Internationalisation of Leading-edge Clusters, Future
Concepts and Networks (InterClust) created in 2015, through which EUR 100 million will
have been invested by the German Federal Ministry of Education and Research by the
end of 2021. A positive evaluation highlights this two-track strategy of combining a tradi-
tional place-based policy with a rigorous internationalization scheme inducing externalities
beyond the regional level [122].

Industrial policy measures have given rise to negative externalities as well, e.g.,
through trade distortions in the capital goods industries. As opposed to the US, the Japanese
and German machine tool TISs have been more deeply embedded with the institutional
infrastructure supplied by their national innovation systems, e.g., in the form of research
and development subsidies, human capital, and export promotion, with decidedly more
interventionist policies in Asia [110]. Between 2008 and 2020, China has been responsible
for the largest share of trade restrictive measures targeted at the machine tools sector and
related product classes worldwide (16.5%), followed by Brazil (5.3%), India (5.0%), and
Argentina (3.0%), with the data being current as of 5th July 2021. Chinese interventions
have come most often in the form of financial grants to the domestic machine tools indus-
tries along with import tariffs, which mainly affected the United States, Germany, and
Japan [123].

4.1.3. Externalities

Externalities have been defined within the TIS framework as complementary interac-
tions of rival technologies or industries [80], e.g., between machine tools and an array of
related sectors such as die firms and customers from the durable goods sectors [26]. The
inter-industry, Jacob-type externalities which are at the centre of this study result from
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an overlap between competing but complementary technologies, and are the result of
the intrusion of more remote technological categories into the core trajectory [124] of a
TIS [80,90]. Inter-industry externalities create novel combinations of existing technologies
or entirely new technologies in sectoral niches [75], and result in “system-level utilities”
being created “which are available also to system actors that did not contribute to building
them up” [37] (p. 23). Business models driving the search for feasible solutions within the
TIS [80], e.g., Industry 4.0 servitization, tool wear prediction [53], and other data-driven
business models have emanated from the ICT sector and spilled over to machine tools
since the early 2000s as an example of materialized positive externalities. While intensified
user–producer interaction through Industry 4.0 is expected to contribute to the industry’s
innovation capacity, the transition will come at the cost of decreased investment in tangible
production systems (the established business model of machine tool builders), and ma-
chine engineering companies voice concerns about the market entrance of ICT companies
exacerbating competitive pressures [11], with the latter pointing to negative externalities.

Externalities have also emanated from strategic alliances and clusters. Strategic al-
liances between electronics firms such as Fujitsu and machine tools companies such as
Toyota Machine Works have been the most prevalent innovation mode since the 1970s in
the once-dominant Japanese machine tools sector [55]. Clusters are an indicator of insti-
tutionalized externalities, e.g., the German engineering, plant engineering, and Machine
tools cluster Ostwürttemberg founded in 2013, in which 160 small- and medium-sized
companies engage in complementary inter-industry knowledge development and diffu-
sion. User–producer interaction and clusters may see a renaissance, as these examples
mirror the traditional need for close proximate ties with high end customers innate to
the industry without the former obstacles to the transmission of technological data [31],
as interaction may be facilitated effectively in blockchain infrastructures with real-time
tracking of data [125]. This will make proximity in clusters less important. For instance,
in the machine tools cluster of Taiwan, located in the agglomeration around Taichung City,
companies such as Hiwin Technology produce high-end Industry 4.0 machine tools. Cross-
border pipelines between Taiwan and China have created off-shore industrial systems with
production located in both countries [30], intensifying the global reach of the machine tools
TIS. By contrast, the Japanese innovation system finds itself increasingly insulated due to
a lack of co-inventor networks in patenting compared to Germany and Denmark, with
low connectivity of Japanese firms, particularly in electronics and robotics [126], which are
instrumental to a digital transformation of machine tools.

User–producer interaction and inter-industry clusters have been used in TIS research
as rough indicators of externalities, although generally serving to indirectly infer rather
than directly measure externalities. Therefore, the ensuing patent analysis will help to
further flesh out the role of externalities in the functional grid of the machine tools TIS.
After first retrieving the top patentees in machine tools by country of origin (inventor
perspective) in this section (Figure 3), the opposite focus, on target countries (market
opportunity perspective), is taken in the subsequent co-occurrence analysis. These analyses
aim to provide a more reliable measure of externalities than the mere existence of clusters
and alliances can afford.

4.2. Co-Occurrence Analysis Based on Transnational Patent Families

In line with the results of Frietsch and Schmoch [36] in the context of telecommunica-
tions, this study established a higher patent family count of transnational machine tools
patents than of triadic patents, both retrieved from FAMPAT, for the time span 1990–2018
(Figure 4), mirroring the less-distorted representation of newly industrialized economies
such as South Korea, China and India in the transnational sample.



Sustainability 2022, 14, 838 13 of 28

Sustainability 2022, 13, x FOR PEER REVIEW 13 of 30 
 

interaction may be facilitated effectively in blockchain infrastructures with real-time 
tracking of data [125]. This will make proximity in clusters less important. For instance, in 
the machine tools cluster of Taiwan, located in the agglomeration around Taichung City, 
companies such as Hiwin Technology produce high-end industry 4.0 machine tools. 
Cross-border pipelines between Taiwan and China have created off-shore industrial sys-
tems with production located in both countries [30], intensifying the global reach of the 
machine tools TIS. By contrast, the Japanese innovation system finds itself increasingly 
insulated due to a lack of co-inventor networks in patenting compared to Germany and 
Denmark, with low connectivity of Japanese firms, particularly in electronics and robotics 
[126], which are instrumental to a digital transformation of machine tools. 

User–producer interaction and inter-industry clusters have been used in TIS research 
as rough indicators of externalities, although generally serving to indirectly infer rather 
than directly measure externalities. Therefore, the ensuing patent analysis will help to fur-
ther flesh out the role of externalities in the functional grid of the machine tools TIS. After 
first retrieving the top patentees in machine tools by country of origin (inventor perspec-
tive) in this section (Figure 3), the opposite focus, on target countries (market opportunity 
perspective), is taken in the subsequent co-occurrence analysis. These analyses aim to pro-
vide a more reliable measure of externalities than the mere existence of clusters and alli-
ances can afford. 

4.2. Co-Occurrence Analysis Based on Transnational Patent Families 
In line with the results of Frietsch and Schmoch [36] in the context of telecommuni-

cations, this study established a higher patent family count of transnational machine tools 
patents than of triadic patents, both retrieved from FAMPAT, for the time span 1990–2018 
(Figure 4), mirroring the less-distorted representation of newly industrialized economies 
such as South Korea, China and India in the transnational sample. 

 
Figure 4. Development of patent families in machine tools by first application year (25.003 transna-
tional and 15.593 triadic patent families in time span 1990–2018). Source: own representation by 
author based on patent families retrieved from Questel’s FAMPAT, accessed on 28 February 2021 

Counting families, i.e., patents belonging to the same priority application with only 
one family member counted, yields distinct inventions [101]. The time span is the same as 
in the TIS map, except that the last two years have been omitted, as patent applications 
require up to 18 months to be published, and patents applied for in 2018 or later would 
thus not be fully reflected in the data. 

The results of a detailed classification-based patent family search targeted at IPC co-
occurrences for the time span 1990–2018 are presented below. The patent search was 

Figure 4. Development of patent families in machine tools by first application year (25.003 transna-
tional and 15.593 triadic patent families in time span 1990–2018). Source: own representation by
author based on patent families retrieved from Questel’s FAMPAT, accessed on 28 February 2021.

Counting families, i.e., patents belonging to the same priority application with only
one family member counted, yields distinct inventions [101]. The time span is the same as
in the TIS map, except that the last two years have been omitted, as patent applications
require up to 18 months to be published, and patents applied for in 2018 or later would
thus not be fully reflected in the data.

The results of a detailed classification-based patent family search targeted at IPC
co-occurrences for the time span 1990–2018 are presented below. The patent search was
conducted on 21st and 28th February 2021 based on FAMPAT (Questel’s Orbit Intelligence
database), a patent database which covers patent applications by over 100 patent authorities
and incorporates a unique “strict and enriched” family construct which yields distinct
inventions and reduces black sheep [127] in patent families. Strict and enriched means
that members have the same priority number (strict) and that different procedures of
national patent offices are taken account of (enriched) while correcting for reporting errors
(reducing black sheep) [128]. The classification search strategy included the core class of
machine tools (B23) enlarged by further classes in line with the technology–IPC classes–
concordance table of Schmoch [129], with the class B25J added in order to be able to cover
newly emerged Industry 4.0 technologies within machine tools. Some 70% of German
machine tools are shaping tools, particularly metal-cutting machines [130] belonging to
IPC class B23, as opposed to pressing, e.g., forming or stamping machines. Metal-cutting
machines have the highest energy consumption [131], which increases their relevance in
the context of sustainability. Therefore, the most relevant technologies in machine tools
from the perspective of this study are covered (for full search string see Appendix A).

Co-occurrences of IPC codes as a measure of inter-industry externalities [95,98,132]
indicate new technological fields arising at the interface of existing industries, e.g., between
the core class B23 (machine tools belonging to the technological field of Performing Opera-
tions and Transporting) on the one hand, and more technologically remote classes from
other disciplines such as G05B (Physics) and H05K (Electronics) on the other.

The following figure shows the 100 most often co-occurring pairs of IPC subclasses
in transnational machine tool patent family applications with their earliest priority dates
within the two timespans, 1990–2004 (blue bubbles) and 2005–2018 (orange bubbles),
respectively (Figure 5). Larger bubble sizes indicate a higher number of patent families
in which the respective subclasses co-occur. Externalities occurring in both periods are
displayed above the diagonal, whereas externalities occurring in only one of the two
periods are displayed below the diagonal.
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Figure 5. Top 100 co-occurrences of IPC subclasses in machine tools. Co-occurrences based on
3.225 patent families in the period 1990–2004 and 15.511 in the period 2005–2018 (after removing
duplicates). Co-occurrences appearing in one period only are displayed below the diagonal (see
Appendix A for the search string and Appendix B for a concordance table of technological fields and
the IPC subclass codes in this figure). The blue bubble in the legend provides an indication of the
number of patent families associated with bubble size. Source: own representation by author based
on data retrieved from Questel’s FAMPAT, accessed on 21 February 2021.

All externalities already present in the first timespan have increased in the more recent
time period, as indicated by orange bubbles with a smaller blue core throughout. The
number of patent families has more than quadrupled in the more recent time period, that
is, in the past thirteen years. Three fields where inter-industry externalities now span larger
parts of the IPC codes in the sample, and are thus likely to induce innovation rather than
imitation [83], are semiconductors (combinations of H01L with machine tools, indicated
by the red oval in Figure 5), cyber-physical machine tools based on smart monitoring and
control systems (combinations of G05B with machine tools, indicated by the green oval),
and metallurgy of iron and alloys (combinations of C21D and C22C with machine tools,
respectively, indicated by the grey ovals).

Among the co-occurrences that have disappeared in the more recent period are all com-
binations of H05K (printed circuits) with B23, the core class of machine tools, as indicated
by purely blue bubbles on the right rim of Figure 5. Newly emerged in the second time
span are categories from metallurgy, indicated by purely orange bubbles with grey ovals in
the lower right half of Figure 5.

Semiconductors (H01L), microchips consisting of integrated circuits printed on silicon
wafers [133], have gained traction in almost all technological fields. Semiconductors are
indispensable for all types of embedded electronics in machine tools, and by way of minia-
turization, even more so for modular machine tools with wireless sensor nodes in emerging
cyber-physical production systems. The prevalence of semiconductors combined with
machine tools in both periods (red oval) can be interpreted as a sign of an amalgamation
of machine tools with Industry 4.0 technology; however, this reaches back farther into the
beginning of the era of computerized CNC machine tools as well (see Figure 1).



Sustainability 2022, 14, 838 15 of 28

Industry 4.0-related externalities have entered the machine tools TIS along one of two
trajectories:

Trajectory 1: First, Industry 4.0 technologies have become intertwined with ma-
chine tools by making them part of cyber-physical production systems resulting from
co-occurrences between monitoring and control Systems from Physics (G05B) and the
wider machine tools categories (B21–B24, including the core class B23), turning the latter
into cyber-physical machine tools, as indicated by a green oval in Figure 5. Monitoring
and control systems (G05B), comprises Industry 4.0-related subclasses related to computer-
controlled systems and simulators (G05B15/00 and G05B17/00) embedded in machine
tools by means of digital processors (G05B19/042).

Externalities furthermore exist between the two Industry 4.0 categories themselves
(G05B × B25J); B25J refers to Manipulators covering “handling tools, devices, or machines [ . . . ]
being controlled by means remote from the head, e.g., programme-controlled industrial
robots” [134]. Externalities between these categories (G05B × B25J) result in industrial
robots, visualized by the smaller green oval, and have been the top co-occurrence in the
first timespan (254 patent families). Although their incidence increases again in the second
timespan (407 patent families), these are trumped by the aforementioned cyber-physical
machine tools, amounting to 639 patent families in the second time span and marked by
the larger green oval in Figure 5.

Trajectory 2: Second, smart technologies have entered the machine tools TIS as a
result of co-occurrences between manipulators, e.g., tools controlled by robots (B25J), and
the wider machine tools categories (B21–B24), turning the latter into robot machine tools,
as indicated by the blue oval in Figure 5. While the incidence of these robot machine tools
is still small in terms of absolute numbers compared to trajectory 1, it has been increasing
steeply (by nearly 50 %), from 130 patent families in the first period to 250 patent families
in the second time span. This is compatible with the observation that new trajectories
lag behind established trajectories with regard to the existing technological frontier (here,
the core machine tools category, B23), which requires problem-solving to start almost
entirely from scratch in the new trajectory [124].

These results suggest that machine tools are becoming embedded in cyber-physical
production systems as the dominant mode of Industry 4.0 implementation in machine tools
to date (trajectory 1), followed by directly turning machine tools into robot machine tools
(trajectory 2).

Examples of recent patent publications (published in 2020 and 2021) in these two
trajectories are given in Table 2.

As to the sustainability impact of these smart types of machine tool, by way of ex-
ample, the texts of the patents for a cyber-physical machine tool (Table 2, Trajectory 1,
WO/2020/136899) and for a robot machine tool (Table 2, Trajectory 2, EP3854536A1) are
analyzed here in greater detail. The cyber-physical machine tool allows for controlling the
vibration of a cutting tool and prevents chips from becoming entangled with the tool, which
increases its overall lifetime [135]. The robot machine tool patent covers a multifunctional
tool which can be “used as an end-effector on a robotic arm” [136]. Tooltips allowing for
cutting, grasping, drilling, etc., can be replaced and do not require separate motors, which
results in machines of less weight and “reduces overall system power requirements, and
system complexity” [136]. This second example demonstrates how modularity as a basis
for making tools interchangeable can positively impact sustainability by means of lower
weight and less energy consumption.

The sustainable technology of additive manufacturing, which induces resource savings
in the production and employment of machine tools (B22F and B33Y), was not among the
top 100 co-occurrences, and accounted for less than 2% and 1% of transnational patent
families, respectively, over the whole sample period.
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Table 2. Examples of patent applications in the two Industry 4.0 trajectories from the co-occurrence
analysis.

Trajectory IPC Class
Co-Occurrence

IPC Classes of
Example Patent

International
Publication Number

of Example Patent
Example Patent Title

Trajectory 1 Cyber-physical
machine tools G05B × (B21 − B24)

G05B 19/4093 2006.1
B23B 1/00 2006.1

G05B 19/4155 2006.1

WO/2020/136899
published in 2020

NUMERICAL
CONTROL DEVICE

AND MACHINE
LEARNING DEVICE

Industrial Robots G05B × B25J
G05B 19/19
B25J 9/16
B25J 9/00

20200164511
published in 2020

SERVO MOTION
CONTROL METHOD

AND APPARATUS
AND ROBOT USING

THE SAME

Trajectory 2 Robot machine tools B25J × (B21 − B24)

B25J 15/04
B23Q 3/155
B23Q 3/16
B25J 9/08
B25J 15/00
B25J 19/04
B64F 5/00
B64G 1/00
B64G 4/00

B64G 99/00

EP3854536A1
published in 2021

ROBOTIC SERVICING
MULTIFUNCTIONAL

TOOL

Source: Own representation by author based on WIPO Patentscope.

4.3. Incidence of Digital and Sustainable Technologies in Machine Tools Based on PCT Patents

As IPC subclasses related to sustainability categories are not amongst the top 100 co-
occurrences, the results of a classification search of PCT patent applications in the open
access database PATENTSCOPE of WIPO are presented in order to further support the
results and shed light on overall tendencies in patenting (including sustainability categories)
within the two timespans. This resulted in 2.67 million machine tools patent applications
issued by all offices reporting to WIPO in the period 1990–2018, which has been narrowed
down to 100.425 PCT patent applications (filtering for patent families is not yet feasible on
PATENTSCOPE). The full search string can be found in Appendix C. Figure 6a displays the
cumulative frequencies of IPC subclasses of patent applications in machine tools in the two
time periods, 1990–2004 and 2005–2018, for comparison.

While almost all fields show higher patenting activity in the second timespan starting
in 2005, two technological fields stand out in particular, namely B23K (Soldering or Unsol-
dering; Welding) with the highest number, and the already mentioned Industry 4.0 category
B25J (Manipulators, Robots) with the second-highest number of PCT patents. Although
the classical machine tools code B23K had the highest number of patent applications in
both periods, and patent numbers in this category increased by a factor of three in the more
recent time span, the Industry 4.0 category B25J (Manipulators, Robots) had the fastest
increase of all trajectories in the second time span, with the number of PCT patents six
times as high in 2005–2018 (8405 patents) compared to the previous period of 1990–2004
(1369 patents). In terms of total numbers, Industry 4.0 patenting in this category has been
catching up with the highest filing category in both periods, B23K, since 2017 (Figure 6b).

Environment-related technologies are captured by category Y of the Cooperative
Patent Classification (CPC), which focuses on technologies cutting across industry bound-
aries including sustainable technologies. Therefore, by definition, Y-patents of the CPC
relate to externalities between industries jointly contributing to sustainability. Increasingly
applied among the national and supranational patent offices involved, the USPTO and
the EPO, the Y-category covers climate change mitigation technologies such as renewable
energy generation and sustainable manufacturing [137], and “is becoming the de facto
international standard for clean innovation studies“ [138] (p. 24). The Y category was not
part of the search string (see Appendix C). However, it is present in the data as classes
Y02P and Y02E in the PATENTSCOPE sample (subdivisions of the Y-category) which refer
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to sustainable manufacturing, particularly climate change mitigation technologies in the
production and processing of goods and the reduction of greenhouse gas emissions.
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Figure 6. (a) Development of technological fields in machine tools, 1990–2004 (yellow) and 2005–2018
(black), measured as number of PCT patent applications by IPC subclass. Cumulative frequencies of
IPC subclasses in machine tools based on 100.425 PCT patents (summing up patent numbers across
IPC subclasses for the two time spans results in 151.253 patent applications due to patents being
allocated to multiple IPC subclasses). For search string see Appendix C. A direct search for B22F
and G05B results in a higher number of patents which, however, would have largely been outside
the machine tools context. Time spans 1990–2004 (yellow) and 2005–2018 (black) are displayed for
comparison. (b) Industry 4.0 machine tools patents closing the gap on most prevalent filing category;
Source: own calculations based on WIPO Patentscope data retrieved on 23 December 2020 (a) and on
1 December 2021 (b).

Despite sustainability being a long-standing concept resonating with both science and
practice since the end of the 1980s, and thus spanning the entire sample period, sustain-
able manufacturing in machine tools was found to be confined to a niche phenomenon
compared to Industry 4.0, and is only beginning to achieve traction. As can be seen from
the PATENTSCOPE sample, to date, patents in sustainable machine tools make up only a
fraction of overall patenting in either time span. In climate change mitigation technologies
(Y02P) (2.342) and reduction of greenhouse gas emissions (Y02E) (1.277), patent activity
remains modest, with the numbers in brackets indicating the total number of PCT patents
across the whole timespan of 1990–2018 (see last two rows of Figure 6a).
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However, sustainable manufacturing patenting has risen substantially in the more
recent time period in the PATENTSCOPE sample, with the number of PCT patents, par-
ticularly in climate change mitigation technologies (Y02P) nearly four times higher, and
in the reduction of greenhouse gas emissions (Y02E) category more than six times higher
in 2005–2018 then in the previous 15-year period. In sustainable technologies revolving
around the working of metallic powder (B22F), comprising remanufacturing of articles
from scrap or waste metal particles (B22F8/00) and additive manufacturing (B22F10/20),
PCT patent numbers barely reach 1000 in the second time span, while jumping from
227 PCT patents to begin with to 913 in the more recent time span which, while accounting
for only 1% of all patents, represents an increase by a factor of four. This recent sharp
increase may be considered a silver lining indicating an imminent, if sluggish, smart sus-
tainability transition in machine tools. Additive manufacturing, particularly 3D printing
technology, which enables resource efficiency gains and therefore harbours the potential to
reconcile economic with ecological sustainability, may act as a bridging technology between
Industry 4.0 and sustainable manufacturing in machine tools.

To summarize, based on the FAMPAT sample, it has been shown that Industry 4.0-
related externalities have entered the machine tools TIS by one of two trajectories: (1) cyber-
physical machine tools and industrial robots, and (2) robot machine tools. While both
trajectories testify to a smart transition underway within the machine tools TIS, they offer
central pathways to a looming smart sustainability transition as well. Cyber-physical
machine tools allow for a prolongation of the tool life cycle, while robotic machine tools
(as demonstrated by the example of patent nr. EP3854536A1) contribute to sustainability
through modularity and decreased energy consumption. The results of the PATENTSCOPE
patent analysis confirm those of the previous FAMPAT patent analysis in that Industry 4.0
patenting has become a high-growth technology recently, with manipulators controlled
by robots (B25J) the fastest-growing of all technologies in the second time span, that is,
since 2005. By contrast, sustainable technologies such as remanufacturing and additive
manufacturing remain confined to niches, although they do exhibit high growth rates over
the past thirteen years.

As a result, from the TIS mapping and the two patent analyses it stands to reason that
the machine tools TIS is increasingly becoming enmeshed in cyber-physical production
systems and that a smart transition, which has been accelerating recently, and to a lesser
degree a sustainability transition, have materialized within the last three decades in this
core manufacturing sector.

5. Discussion
5.1. Main Insights

This paper contributes to understanding of the central technological pathways through
which the digital transformation emerges in the mature sector of manufacturing, specifically
machine tools, and of the way in which this emergence can contribute to sustainability.
The results of the analyses provided above indicate, contrary to expectations, that a smart
sustainability transition is currently not hampered by a lack of smart technologies; rather,
at least to date, a greater hindrance is the sluggish introduction of sustainable machine
tools. This is in line with prior work from other sectors; for instance, practitioners in the
plastics industry have judged additive manufacturing to be of minor importance to the
sustainability transition of their industry, instead highlighting the central role played by
sensor and robot technologies [48]. These trajectories were found to be central pathways to
a smart sustainability transition in this study as well.

In taking stock of the machine tools TIS over three decades with a focus on the lat-
est two technological paradigm shifts, Industry 4.0 and sustainability, a multi-method
approach has been employed covering TIS mapping gleaned from industry reports, sci-
entific studies, and patent data and two patent analyses based on both a proprietary and
a publicly available patent database (Questel’s FAMPAT and WIPO PATENTSCOPE) in
order to increase the objectivity and replicability of the results. This departs from current
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studies, in which literature surveys and case studies make up the majority [2], with a
predominance of practitioner’s reports on the one hand and a bias towards studies with a
mere technological interest on the other [42].

The FAMPAT patent dataset was used to track externalities over a thirty year time span
based on transnational “world market” patent families which, compared to triadic and PCT
patents, have scarcely been employed in search strategies to date despite the reduction in
geographical and market bias they offer. The latter is particularly important for TIS of global
reach, such as machine tools, with the increasing market power of China and South Korea
in particular. The methodology of measuring co-occurrences here was built on prior work
by the OECD [98], with the methodological scope enlarged by application to the dynamics
of a mature sector central to both the sustainable and digital transformations, rather than to
emerging sectors. In addition, on a conceptual level a contribution to TIS theory is provided
as neither externalities nor mature non-energy industries have been fundamentally centered
in TIS studies thus far. In addressing externalities, the paper contributes to filling a long-
standing research gap in TIS studies [33]. Specifically, externalities were directly measured
rather than indirectly inferred from the existence of factors such as alliances and a shared
labour pool [39], as TIS studies have previously done.

Results from the co-occurrence analysis indicate that externalities, particularly inter-
industry externalities spilling over from monitoring and control systems (Physics) and
semiconductors (Electricity) to classical machine tools, have increased considerably in the
last thirteen years and are providing the engine of a smart sustainability transition. The
sustainability trajectory in this transition, however, is just beginning to achieve traction.

5.2. Limitations

There are some limitations of this study which ought to be mentioned. The results of
the patent analysis may be driven in part by the nature of the patent classification system.
Co-occurrence of IPC classes as a proxy for the cross-fertilization of technologies may be
overstated, as more recently emergent technologies tend to be represented in a wider set of
IPC codes not as an expression of multidisciplinarity, but rather for the reason that there is
not yet a specific IPC group at the date of filing [95]. Patent data reflect the current state
of the IPC system, with longer standing categories accumulating more patents than more
recent ones. Additive manufacturing, an important Industry 4.0 technology, for instance,
has entered the IPC system only recently, as mirrored in codes B22F-1020 and B33Y, which
were introduced as late as 2021 and 2015, respectively. Although there is a retrospective
allocation of existing patent applications to newly created classes, it will take time before
this technology category materializes, even though it has already been present in factual
inventions in the machine tools TIS for some time. This is offset by the fact that newly
introduced IPC codes tend to be used more intensely on account of their recent introduction
or expansion [95].

The TIS map in this paper was gleaned from scientific studies, industry reports, and
patent data; however, it did not include a stakeholder survey. The advantage of the
approach taken here is that it allows for mapping of the overall development of the global
machine tools TIS; however, this comes at the price of missing details on how the transition
may be unfolding at the level of particular types of machines or regions.

5.3. Future Research Directions

In a follow-up study, it could be further investigated whether the still sluggish sustain-
ability transition may be driven by machine tools remanufacturing initiatives in developing
countries as an example of a catching up business model innovation, as well as what role
ICT has to play in this transition. As the role of externalities has not been focused on in
TIS studies thus far, further research should investigate externalities in other mature TIS,
particularly in manufacturing, as this high energy usage sector is instrumental to both the
sustainability transition and the digital transformation. The focus should lie on the measure-
ment of externalities for which this study has proposed to employ patent co-occurrences,
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as well as on the interaction of externalities with other functions in a TIS context. Fur-
ther studies could establish a link to parallel research streams from relational economic
geography research [139], e.g., work on spillover effects [107], sector interactions [79], and
connectivity [126]. The results of former studies on externalities in clusters may have to
be reconsidered in the light of Industry 4.0, e.g., the interplay of cluster cohesion and
centrifugal hollowing-out [140], as cohesion may become more difficult to maintain in
cluster pipelines undergirded by blockchains in Industry 4.0 cyber-physical production
systems [125].

6. Conclusions and Policy Implications

The paper has contributed to the sparse literature on the intersection between Industry 4.0
and sustainability, taking as an example machine tools, a manufacturing sector inextricably
intertwined with other sectors such as ICT, electronics and automotive through inter-
industry externalities stemming from intense producer–user interactions. Owing to the
instrumentality of, in particular, metal-cutting, machine tools for both smart and sustainable
manufacturing in the context of the European Ecodesign Directive and Industry 5.0, a highly
relevant sector, was chosen for TIS mapping and ensuing patent co-occurrence analysis.
The patent analysis illustrates the inalienability of manufacturing in reaching the UN SDGs
in a more objective way, by means of patent data rather than by employing more elusive
measures from reporting, a strategy suggested by van der Waal et al. [21].

The split result of this paper, namely that of a fast growing Industry 4.0 trajectory
in the machine tools TIS and an underdeveloped sustainability trajectory, points to the
need to better align the various Industry 4.0 policy and firm initiatives shown in the TIS
map with all of the three sustainability dimensions, thus confirming earlier studies [6].
Current implementations such as cyber-physical production systems in machine tools are
lopsided in their emphasis on the economic sustainability dimension, as ascertained in the
TIS mapping analysis, in which economically driven Industry 4.0-related entrepreneurial
activities and industrial policies have dominated without establishing linkages to green
manufacturing despite the latter’s existence since the 1990s and in spite of intense regulatory
activities, e.g., the Circular Economy Action Plan of 2015. This one-track sustainability
approach compromises the emergence of broad advocacy coalitions of machine tools
manufacturers, ICT, and green manufacturing initiatives which could otherwise serve as
vehicles for synergistic bottom-up policies promoting sustainability [141].

Two Industry 4.0 trajectories exhibiting inter-industry externalities were identified in
the co-occurrence analysis of this paper: cyber-physical machine tools, which can contribute
to longer tool life, and modular robot machine tools, which offer an increase in sustainability
through lower energy consumption and increased efficiency and flexibility. Modular
machine tools are an ideal use case reaching into both the economic and the ecological
sphere; however, they have been addressed mainly from the economic angles of efficiency
and flexibility thus far.

The prevalence of inter-industry instead of intra-industry externalities in the machine
tools TIS, as demonstrated by the co-occurrence analysis for the period 1990–2018, has
important implications for targeted policy measures. While intra-industry knowledge flows,
e.g., between producers and users of metal-working machine tools and machine tools for
grinding and sharpening, would call for specific research and development subsidies
to reinforce this internal learning path, the inter-industry externalities dominating in
the sample necessitate knowledge flows across industry boundaries, e.g., between ICT,
electronics and machine tool makers, and call for more generic policy measures [142]. These
generic policy measures should explicitly consider the interactions between a focal TIS,
such as machine tools, and the context formed by other intruding TIS such as ICT or nudge
it in new directions, such as toward sustainable technologies, with the aim of tapping into
inter-industry externalities which provide unrelated knowledge and thus help to avoid
lock-in [122].
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For policy makers, the results obtained both from the TIS mapping and the two patent
analyses underscore the need to unlock these inter-industry externalities by technology
policies which cater not only to smart technologies, such as the programs Digital-jetzt
in Germany and Made in China 2025 on a national level, and Cluster 4.0 on the Euro-
pean level, but to the confluence of smart and sustainable technologies such as additive
manufacturing. Policy measures promoting inter-industry externalities, e.g., the German
competitive cluster funding scheme InterClust (phased out by the end of 2021) should
be reinforced given their centrality to extra-regional externalities which open up access
to export pipelines particularly for small companies [122], which are numerous amongst
machine tool companies worldwide. With policies targeted at inter-industry externalities,
the TIS framework can be more soundly established as a policy tool, e.g., targeted at firms
as coupling structures between the TIS and different, potentially conflicting contexts [79].
Machine tools companies are a prime example of such a coupling structure, as they must
comply with divergent external demands such as, e.g., regulations promoting Industry 4.0
diffusion and servitization on the one hand and the wider societal priority shifts to more
sustainable production and consumption modes which are accompanied by data security
concerns on the other.

On a company level, the results can be used as a strategic analysis tool, helping to
identify promising technological paths along the lines of platform diversification [15]. The
two trajectories identified in the co-occurrence analysis underscore the need for traditional
machine tool builders to tap into smart competencies through acquisitions, as in the
case of the Swiss company Bystronic, which acquired the Spanish software company
Kurago in 2021 with the aim of connecting their sheet metal processing machines to smart
factories [143]. On the other hand, the underdeveloped sustainable trajectory may point to
a window of opportunity opening towards new business models centering on the recycling,
reuse and remanufacturing of machine tools, although the infrastructural (e.g., recycling
and reuse infrastructure) and institutional setup (e.g., scalable Industry 4.0 platforms in the
context of blockchains) is still immature. A middle-range strategy may include retrofitting
of existing machinery, extending the use phase, and product-as-service business models
targeted at functionality and accessibility rather than tangible machinery alone [144]. A
higher rate of remanufacturing of machine tools which comes at the price of lower energy
efficiency and Industry 4.0 platforms exacerbating the digital rebound effect are only two
examples of sharp conflicts the machine tools TIS will be struggling with in the years to
come. With the ecological and social impacts from large-scale industrial digitalization all
but unequivocal, the one-track economic strategy visible in Industry 4.0-related research
and development programs and patenting behaviour may entail a sustainability backlash
along all dimensions in the long run. Inter-industry externalities need to be tapped into in
order to achieve and perpetuate a truly smart sustainability transition.
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Appendix A. Patent Analysis to Identify Co-Occurrences between IPC Classes as a
Measure of Externalities

FAMPAT (Questel‘s Orbit intelligence database) search strings:

Transnational 1990–2004:

(APD > 1989 AND APD < 2005) AND (WO/PC OR (EP/EPRC NOT WO/PC)) AND ((B21+
OR B23+ OR B24+ OR B26D+ OR B26F+ OR B27+ OR B30+ OR B25B+ OR B25C+ OR B25D+
OR B25F+ OR B25G+ OR B25H+ OR B25J+ OR B26B+)/IC/IPC/CPC/EC)

Transnational 2005–2018:

(APD > 2004 AND APD < 2019) AND (WO/PC OR (EP/EPRC NOT WO/PC)) AND ((B21+
OR B23+ OR B24+ OR B26D+ OR B26F+ OR B27+ OR B30+ OR B25B+ OR B25C+ OR B25D+
OR B25F+ OR B25G+ OR B25H+ OR B25J+ OR B26B+)/IC/IPC/CPC/EC)

Appendix B

Table A1. Concordance Table of Technological Fields and IPC Subclass Codes.

Technological Fields According to . . .

IPC Section IPC Class IPC Subclass Subclass Code

Electricity
Electric techniques not
otherwise provided for

Printed circuits; casings or constructional
details of electric apparatus; manufacture
of assemblages of electrical components

H05K

Basic electric elements Semiconductor devices; electric solid state
devices not otherwise provided for H01L

Physics Controlling, regulating
(Industry 4.0)

Control or regulating systems in general;
functional elements of such systems;

monitoring or testing arrangements for
such systems or elements (e. g., includes

computer controlled systems and
simulators (G05B15/00 and G05B17/00)

embedded by means of digital processors
(G05B19/042))

G05B

Chemistry and
Metallurgy

Metallurgy, coating
metallic material

Coating metallic material; coating material
with metallic material; surface treatment of

metallic material by diffusion into the
surface, by chemical conversion or
substitution; coating by vacuum

evaporation, by sputtering, by ion
implantation or by chemical vapour

deposition, in general

C23C

Metallurgy; ferrous or non-ferrous
alloys; treatment of alloys or

non-ferrous metals
Alloys C22C

Metallurgy of iron

Modifying the physical structure of ferrous
metals; general devices for heat treatment
of ferrous or non-ferrous metals or alloys;

making metal malleable, e.g.,
by decarburisation, tempering

or other treatments

C21D
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Table A1. Cont.

Technological Fields According to . . .

IPC Section IPC Class IPC Subclass Subclass Code

Performing Operations
and Transporting

Layered Products
Layered products, i.e., products built-up of

strata of flat or non-flat, e.g., cellular or
honeycomb, form

B32B

Hand Cutting Tools;
Cutting; Severing

Hand-held cutting tools not otherwise
provided for B26B

Hand tools; portable power-driven
tools; handles for hand implements;
workshop equipment; manipulators

(Industry 4.0)

Manipulators; chambers provided with
manipulation deviceswith manipulators

covering “handling tools, devices,
or machines [ . . . ] being controlled by

means remote from the head, e.g.,
programme-controlled industrial

robots” [134]

B25J

Hand tools; portable power-driven
tools; handles for hand implements;
workshop equipment; manipulators

Combination or multi-purpose tools not
otherwise provided for; details or

components of portable power-driven tools
not particularly related to the operations

performed and not otherwise provided for

B25F

Grinding, polishing Tools for grinding, buffing, or sharpening B24D

Grinding, polishing Machines, devices, or processes for
grinding or polishing B24B

Machine tools; metal-working not
otherwise provided for

Details, components, or accessories for
machine tools, e.g., arrangements for

copying or controlling
B23Q

Machine tools; metal-working not
otherwise provided for

Other working of metal; combined
operations; universal machine tools B23P

Machine tools; metal-working not
otherwise provided for

Soldering or Unsoldering; Welding;
Cladding or Plating by Soldering or

Welding; Cutting by applying heat locally,
e.g., flame cutting; working by laser beam

B23K

Machine tools; metal-working not
otherwise provided for Turning; boring B23B

Mechanical metalworking without
essentially removing material;

punching metal

Working or processing of sheet metal or
metal tubes, rods, or profiles without

essentially removing material;
punching metal

B21D

Mechanical metalworking without
essentially removing material;

punching metal
Rolling of metal B21B

Source: own representation, Industry 4.0 related categories indicated in brackets; codes accessible at International
Patent Classification (IPC) (wipo.int).

Appendix C. Patent Analysis of the Incidence of Digital and Sustainable Technologies
in Machine Tools Based on PCT Patents

WIPO PATENTSCOPE search string:

IC: (B21B OR B21C OR B21D OR B21F OR B21G OR B21H OR B21J OR B21K OR B21L OR
B23B OR B23C OR B23D OR B23F OR B23G OR B23H OR B23K OR B23P OR B23Q OR
B24B OR B24C OR B24D OR B25B OR B25C OR B25D OR B25F OR B25G OR B25H OR B25J
OR B26B OR B26D OR B26F OR B27B OR B27C OR B27D OR B27F OR B27G OR B27H OR
B27J OR B27K OR B27L OR B27M OR B27N OR B30B) AND AD: [1990 TO 2018].
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