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Abstract
Purpose: The purpose of this paper is to review the literature and offer a more generalizable empirical

investigation on the performance impact of implementing Industry 4.0, and the way important
contingency factors (plant size, multinational status, country context) affect implementation efforts.
Design: Following a systematic literature review, the empirical research is based on a large-scale survey
of 705 manufacturing plants from 22 countries. Structural equation modelling is employed to discover
the relationships between the main constructs of interest, complemented with subgroup analyses to offer
a more detailed understanding of the main effects.

Findings: We provide evidence that technologies enabling Industry 4.0 have a positive impact on
operational performance, including cost, quality, delivery and flexibility performance. Results of the
analyses further indicate that (1) larger firms invest more in implementing Industry 4.0 technologies, (2)
manufacturing firms in less competitive countries, especially in the South-East Asian region invest
significantly more effort than competitive countries, while (3) multinational companies have no
advantage over local firms.

Research limitations: The survey data employed in this study refers to the early years of companies
embracing Industry 4.0 solutions, and thus does not contain the most recent advances in manufacturing
technologies.

Originality/value: The paper represents one of the first studies in the literature to assess on a large-
scale survey the performance impact of Industry 4.0 technologies, as well as the main contingency
factors affecting the implementation of these technologies.

Keywords: Industry 4.0, Smart manufacturing, Firm size, Multinational companies, Country
competitiveness



Introduction

In the last couple of years digitalisation has transformed the way companies operate. Among others,
digitalisation includes the appearance of smart production or Industry 4.0 (14.0) solutions in
manufacturing (Valenduc and Vendramin, 2016; Ghobakhloo, 2018). The 14.0 concept includes a
collection of enabling technologies and methods of value/supply chain organization that involve
intelligent and smart products and production processes creating a manufacturing environment in which
all participants are interconnected and share real-time information with each other (Kagermann et al.,
2013; Garay-Rondero et al., 2019). The emergence of the 14.0 concept clearly shows that the
development and adoption of digital technologies has reached a critical mass in manufacturing context,
enabling the connection and integration of the digital/virtual and physical manufacturing world
(Fatorachian and Kazemi, 2018).

There are significant expectations related to 14.0. Many developed regions, like the USA or Germany
consider it as a potential contributor that enhances their reindustrialization efforts (Blanchet and Rinn,
2016; Davies, 2015; Kagermann et al., 2013). However, some developing countries, like China, also
pursue such an industrial strategy aiming to compete with the most successful industrialized nations
(Blanchet and Rinn, 2016; Lin et al., 2019). Policy papers and consulting firms also expect efficiency
improvements, higher quality and flexibility, as well as optimized and fast deliveries using digital
technologies in the manufacturing sector (Blanchet and Rinn, 2016; Gerbert et al., 2015). While these
expectations aim high, current company-level studies provide only scarce and inconclusive evidence on
the performance impact of 14.0 technologies. Recent literature review papers point out that several
studies identify only expected performance effects, without empirical support, while empirical case
studies provide only isolated examples of the performance benefits of 14.0 solutions (Moeuf et al., 2017;
Buer et al., 2018). Lastly, existing survey studies generally focus on a narrow country or industry context
(e.g. Tortorella et al., 2020). To the best of our knowledge, backed up by our literature review and
previous review type papers in the field, there is currently no large-scale international study that would
empirically verify the detailed performance impact of 14.0 technologies. Aiming to bridge this gap in
the literature, we propose to investigate the following research question:

RQ1. How does the implementation of 14.0 technologies influence the operational performance of
manufacturing companies?

Beside performance implications we also propose to investigate contingency factors (Sousa and
Voss, 2008) that provide a beneficial context for implementing 14.0 technologies. More specifically, we
analyze the impact of three contextual variables, namely firm size, multinational company (MNC) status
and the competitiveness of the country of location, which have been suggested to influence the depth,
scope and type of 14.0 solutions implemented. Initial case-based results, for example, show that digital
solutions are considered and experimented much more in larger companies. Especially MNCs are ahead

in the adoption of emerging technologies due to the knowledge, resources and human skills they possess



(Kogut and Zander, 1993; Shi and Gregory, 1998; Demeter et al., 2018). Nevertheless, we can also find
some small innovative companies utilizing 14.0 (Moeuf et al., 2017; Mdller, 2019). In terms of country
context, the policy and consulting studies treat 14.0 as a means of reindustrialization of developed
countries. These countries also provide a more appropriate context for adopting new technologies
(Mudambi, 2008). This, however, does not mean that less competitive countries are not experimenting
with 14.0 solutions. Thus, there is no clear consensus on how these contextual factors influence 14.0
implementation, and empirical evidence on the company-level is inconclusive. Our second research
question aims to fill this gap.

RQ2. How do contextual factors (firm size, MNC membership, country competitiveness) influence
the implementation of 14.0 solutions?

In order to arrive to more robust conclusions than previous studies on 14.0, we use data from a large-
scale international survey to investigate the two research questions. We first review current literature
related to digitalisation and the 14.0 concept. Next, we conduct a systematic literature review to identify
the current knowledge and gaps related to the contingency effects and performance implications of 14.0
technologies. Specific hypotheses are formulated based on this review. Afterwards, we present the
survey-based research methodology, following by the results of the statistical analyses. The last section

summarizes our findings, discusses their implications and identifies limitations.

Literature review and hypotheses development

Digitalisation and the concept of Industry 4.0

Digitalisation pervades today’s economy and requires rethinking of operations in almost every industry.
According to Valenduc and Vendramin (2016) there are some well-known concepts linked to
digitalisation, such as robotics, ERP systems, CNC machines, computer integrated manufacturing,
internet, mobile devices, etc. that have already existed for years. However, under 14.0 these older
developments are getting more powerful and are complemented with some newly emerging solutions
(Kagermann et al. 2013).

Thus, digitalisation represents a broader concept which includes, among others, the emergence of
digitized information as a strategic resource (McAfee and Brynjolfsson, 2012; Klingenberg et al., 2019),
the appearance of a smart and interconnected world where both society and economy is managed on a
networked level (Kagermann et al., 2013; Garay-Rondero et al., 2019), the introduction of new business
models, such as the sharing economy or, more specifically, the platform-based economy (Valenduc and
Vendramin, 2016). The digitalisation trend also leads to a transformation of the manufacturing industry,
regarded as the fourth stage of industrial revolution, i.e. Industry 4.0 (Kagermann et al., 2013).

Authors and, notably, literature review papers demonstrate that the 14.0 concept in itself is complex
and hard to define (Moeuf et al., 2017; Buer et al., 2018; Fatorachian and Kazemi, 2018; Ghobakloo,
2018; Culot et al., 2020; Tortorella et al., 2020). In their initial work, Kagermann et al. (2013) argue that
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the basis of 14.0 is formed by the Internet of Things (IoT) which refers to the emergence of global
information networks in which manufacturing resources, information, objects and people become
digitally interconnected (Schroeder et al., 2019; Yang et al., 2019). This interconnectedness enables the
development of cyber-physical systems (CPS) in which different entities of the (production) system are
not only able to communicate and interact with each other, but the vast amount of data and analytics
enable autonomous actions, such as making machines self-configure and self-adaptive (Lee et al., 2015).
These systems represent “the convergence of the physical world and the virtual world (cyberspace) [...]
to create networks incorporating the entire manufacturing process that convert factories into a smart
environment” (Kagermann et al., 2013, pp. 13-14). Thus, by integrating machines, processes,
computation and human operators, CPS essentially leads to smart factories, in which physical resources
are used as smart things that communicate with each other and with human operators with the objective
to optimize the efficiency of the production process (Ghobakloo, 2018). In summary, loT and CPS lead
to a smart manufacturing environment which represents the cornerstone of the 14.0 concept (Fatorachian
and Kazemi, 2018).

Delving deeper into the 14.0 concept, literature review papers argue that there are several
technologies that enable the appearance of CPSs in production, i.e. smart manufacturing (Liao et al.,
2017; Ghobakloo, 2018; Garay-Rondero et al., 2019; Culot et al., 2020). Thus, on a conceptual level
14.0 refers to an interconnected and smart manufacturing environment, which is enabled by several
newly emerged technologies. These technologies represent the focus of our paper. There are several
approaches to classify the technologies enabling 14.0 (Culot et al., 2020), but both governmental
programs (Kang et al., 2016) and research papers (Gerbert et al., 2015) agree on some core technologies,
including loT, big data analytics, cloud computing and additive manufacturing (3D printing).
Autonomous robots/systems are also frequently mentioned (OECD, 2017; Gerbert et al., 2015).
Sometimes more basic elements, like sensors, the “glue” between the digital and physical world (Kang
et al., 2016), or simulation tools also appear (Gerbert et al., 2015). Gerbert et al. (2015) provide a wider
list, adding augmented reality, cybersecurity, horizontal and vertical integration of systems. More
recently artificial intelligence is also getting momentum (OECD, 2017). Comprehensive literature
reviews (Liao et al., 2017; Ghobakhloo, 2018; Garay-Rondero et al., 2019; Culot et al., 2020) provide
an even more extensive list of enabling technologies, complementing the previous list with elements
such as blockchain, visualization technologies, Internet of Services, Internet of People, semantic
technologies, intelligent ERP systems, etc.

Synthetizing the different lists of enabling technologies related to 14.0, three distinctive features
emerge in contrast with previous manufacturing technologies (cf. the advanced manufacturing
technologies stream (AMT) connected to the previous industrial revolution, e.g. Boyer et al., 1996;
Maghazei and Netland, 2017):



o Emergence of advanced process technologies which were not part of the third industrial
revolution, such as 3D printing, augmented and virtual reality (Gerbert et al., 2015; Strange and
Zucchella, 2017; Tortorella et al., 2019c);

e “Smartness” of process technologies, where embedded sensors and other data generating units
enable processes to communicate and interact with each other through the IoT and create an
adaptive manufacturing system (Gerbert et al., 2015; Strange and Zucchella, 2017; Buer et al.,
2018; Yang et al., 2019);

e Increased automation and the spread of robotic technologies with data-driven, de-centralized,
fast and autonomous decision making, whereby the robotized solutions displace some of the
low-skilled labour force (Gerbert et al., 2015; Valenduc and Vendramin, 2016; Strange and
Zucchella, 2017).

As it is not the purpose of this paper to assess the multitude of technologies enabling 14.0, these three
features are used in the survey instrument to operationalize the effort undertaken by manufacturing
companies to implement 14.0 technologies.

Literature review on the performance impact and implementation context of 14.0 technologies

In a literature review of AMTSs covering an extensive period between 1986 and 2016, Maghazei and
Netland (2017) show that the contextual factors and the performance impact of manufacturing
technology implementation are two fundamental research areas in this field. In this paper, we also adopt
these two perspectives, but focus on the novel wave of 14.0 technologies.

In terms of the performance impact of 14.0 technologies, most of the studies agree that 14.0
implementation should lead to a boost in manufacturing companies’ operational and financial
performance (Davies, 2015; Blanchet and Rinn, 2016; Wang et al, 2016; Moeuf et al., 2017; Demeter
et al., 2018). In this paper we focus on the operational performance of manufacturing companies which
represents a more direct assessment of the performance impact of 14.0 than financial performance
(Demeter et al., 2016; Szasz et al., 2016). To assess operational performance, we rely on the four classic
performance dimensions in operations management, i.e. cost, quality, delivery and flexibility (e.g. Mittal
et al., 2019). Beside the performance impact, we also investigate contingencies of 14.0 technology
implementation, focusing on three major contextual variables that have been frequently investigated in
connection with manufacturing technologies, namely the size of the manufacturing unit (Sousa and
Voss, 2008), being part of a MNC (Bae and Noh, 2001), and the competitiveness of the country of
location (Mudambi, 2008).

To assess previous findings on the contingency and performance effect of 14.0 implementation, we
have conducted a systematic literature review on these topics. To discover all reliable findings, we have
performed a keyword search in the Web of Science database focusing exclusively on research articles
published in the 2011-2020 period (since the appearance of the term “Industry 4.0”). All business and

economics related journals were included in the process. Articles were retrieved on February 1, 2020.
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Given that several papers focus on a specific technology enabling 14.0, without mentioning the term
“Industry 4.0”, we have used the following keyword pairs as search strings: “Industry 4.0” AND
“performance” (121 articles), “manufacturing technology” AND “performance” (65 articles), “Industry
4.0” AND “context” (86 articles), “manufacturing technology” AND “context” (23 articles). After
eliminating duplicates from the four lists we have ended up with a total number of 254 papers. After the
careful analysis of titles and abstracts, carried out independently by two of the authors, we could
eliminate 135 papers due to irrelevance to our topic. The remaining 119 papers were analysed in their
full-text format and further 84 papers have been filtered out as they did not provide any reliable input to
our study. Results related to the final list of 35 research papers are summarized in Table 1.



Table 1. Summary of the literature on contingencies and performance effects of manufacturing technologies enabling Industry 4.0

Research context*

Contingency effect on 14.0 adoption

Performance impact of 14.0 adoption

(in terms of size, MNC Conceptual or . .
Paper status and country of Cofr:sé trual empirical evidence for rogt?s:ifli ¢ Quality D/e’:i%e;y Flexibility g/?g:ﬁg;ufegrotazrgfggéffl
location) the effect** P y
Agarw(e;loalréc; Brem MNC n.a. n.a. (+) n.a. (+) n.a. Empirical (case study)
Agostini and . Empirical (survey, .
Filippini (2018) Italy Size (+) weak effect) n.a. n.a. n.a. n.a. Empirical (survey)
Alexopoulos et al. i Empirical (engineering
(2016) n.a. n.a. (+) (+) n.a. n.a. study)
Algahtani et al. . . .
(2019) - n.a. n.a. (+) €] n.a. n.a. Empirical (simulation)
. All sizes, Europe, - Empirical (secondary data
Anc;lzrénllggt al. mainly highly Size (n.i.) Empg;;ga;rleecggfary €] €] n.a. n.a. analysis, cost and quality
competitive countries y as drivers)
Arnold & Voigt . . - Empirical (survey,
(2019) Germany Size (n.i.) Empirical (survey) (+) n.a. n.a. (+) performance expectation)
Bichi et al. (2020) All sizes, Italy Size (+) Empirical (survey) (+) (+) (+) (+) Empirical (survey)
Dalerzggige) etal. All sizes, Brazil n.a. n.a. (+) (+) n.a. (+) Empirical (survey)
All sizes, mostly .
Eyers et al. (2018) developed countries n.a. n.a. n.a. n.a. n.a. (+) Empirical (case study)
Ghobakhloo and . Empirical (survey,
Azar (2018) All sizes, Iran n.a. n.a. (+) n.a. (+) n.a. indirect impact)
Ghobakloo and . .
Fathi (2020) Small firm, Sweden n.a. n.a. (+) (+) (+) n.a. Empirical (case study)
Horvath & Szabé Size (+), MNC - Empirical (case study,
(2019) Hungary ) Empirical (case study) (+) (+) (+) n.a. performance expectation)
Kamble et al. All sizes, India n.a. n.a. +) n.a. n.a. n.a. Empirical (survey)
(2019)
Kucu(l;%%lg)et al. Turkey n.a. n.a. n.a. (+) n.a. n.a. Empirical (experiment)
Empirical (case study,
Kumar et al. (2020) MNCs n.a. n.a. (+) ) €] ) anticipated impact)
Lietal. (2017) - n.a. n.a. (+) n.a. n.a. n.a. Empirical (simulation)
Lin et al. (2019) China Size (+) Empirical (survey) n.a. n.a. n.a. n.a. n.a.




Luomaranta and

Martinsuo (2019) All sizes, Finland n.a. n.a. n.a. n.a. (+/-) (+) Empirical (interviews)
. Small and medium . Conceptual (authors’ .
Mittal et al. (2019) sized firms, India Size (+) argumentation) (+) (+) +) (+) Empirical (case study)
, Small and medium .
Muller (2019) sized firms, Germany n.a. n.a. (+) n.a. n.a. (+) Empirical (case study)
Munoz et al. L .
(2019) - n.a. n.a. n.a. (+) n.a. n.a. Empirical (experiment)
Pini (2019) Ssrrzfilj i?r(:nr:el(:;ly Size (+) Empirical (survey) n.a. n.a. n.a. n.a. Empirical (survey)
Schr?zegleg)et al. UK n.a. n.a. (+) n.a. n.a. n.a. Empirical (case study)
Steenhuis and Empirical (data-based
Pretorius (2017) i n-a n-a (+) (+-) (+-) *) desk research)
Tortorella and . . . . . .
Fettermann (2018) All sizes, Brazil Size (n.i.) Empirical (survey) (+) (+) (+) n.a. Empirical (survey)
Size (+)
Tortorella et al. All sizes, Brazil and Country Empirical (survey) na na na na na
(2019a) Italy competitiveness P y - - - - -
()
Tortorella et al. . . .
(2019h) All sizes, Brazil n.a. n.a. (+) (+) (+) n.a. Empirical (survey)
Tortorella et al. . . .
(2019¢) All sizes, Brazil n.a. n.a. (+/-) (+/-) (+/-) n.a. Empirical (survey)
. Country
Tortorella et al. Larger companies, o Conceptual (authors’ .
(2020) Brazil compe;[:[;veness argumentation) (+) (+) (+) n.a. Empirical (survey)
Carvalho et al. i na na na ) na na Conceptual (literature
(2019) - - - - - review on excellence 4.0)
. Country Conceptual .
Chaunz(:lgoalrg; Singh - competitiveness | (exceptions are China €] €] €] ) Conceprtéj\flilew)terature
(+) and India)
Fatorachian and Conceptual (literature
Kazemi (2018) j n-a n-a (+) (+) (+) *) review)
Garay-Rondero et Conceptual (literature
al. (2019) j n-a n-a (+) (+) (+) *) review)
Machado et al. Conceptual (literature
(2019) - n.a. n.a. (+) (+) n.a. (+) review)




Moeuf et al. (2017)

Small and medium . Conceptual (literature
sized firms n-a n-a (+) 1. (+) *) review)

* Indicates the context (in terms of firm size, MNC status and/or country competitiveness) in which the (empirical) research is carried out (if specified in the
paper).

** Indicates whether the paper offers an empirical evidence (e.g. survey, case study, simulation) or just a conceptual assumption for contingency or performance
impact: positive impact (+), negative impact (-), no impact (n.i.), not assessed (n.a.)




Hypothesis development

First, in terms of the performance impact of the technologies enabling 14.0, our literature review
shows that the majority of papers focuses on some kind of performance implications:

a) Literature review papers describe a positive (expected) impact on all four performance

dimensions considered (Garay-Rondero et al., 2019; Fatorachian and Kazemi, 2018; Chaunan
and Singh, 2019) or at least on three of them (Moeuf et al., 2017; Machado et al., 2019).

b) Non-survey based empirical papers (case studies, experiments, modelling papers) usually focus
on a more restricted number of performance dimensions. The only exceptions, however, indicate
only expected future performance implications (Kumar et al., 2020) or provide mixed results
(Steenhuis and Pretorius, 2017).

¢) Most survey-based empirical papers include only a narrow set of operational performance
indicators. The only exception is Buchi et al. (2020) who consider all four performance
dimensions but aggregate them into one single performance variable. Furthermore, most survey-
based studies focus only on a single country.

Based on these general features of the current literature, our study proposes to (a) empirically verify the
actual performance effects of 14.0 technologies, (b) including all four operational performance
indicators, and (c) a larger set of countries than previous studies.

In terms of the first performance dimension, cost efficiency, literature offers several case studies that
point out how different technologies enabling 14.0 can contribute to reducing manufacturing costs.
Schroeder et al. (2019), for example, show how loT-based collection and analysis of product-use data
in a vehicle supply chain can decrease the cost of vehicle manufacturing. Agarwal and Brem (2015)
argue that the main advantages anticipated by General Electric connected to the industrial internet
technologies implemented by the company are related to productivity and reduced costs. The simulation
study by Li et al. (2017) demonstrates how additive manufacturing can reduce variable costs compared
to traditional manufacturing methods. Algahtani et al. (2019) demonstrate how sensor-embedded
products can decrease warranty and maintenance cost at the remanufacturer. Horvath and Szab6 (2019)
also argue that the digitization of production can lead to a significant reduction in the cost of human
resources, inventories and operations. Though the majority of large-scale studies indicate a positive
relationship between 14.0 technologies and cost efficiency, they either refer to expected performance
effects (e.g. Arnold and Voigt, 2019; Ancarini et al., 2019) and/or handle cost efficiency as part of a
general performance dimension (e.g. Buchi et al., 2020; Tortorella et al., 2020). The only survey study
that arrives at mixed findings is Tortorella et al. (2019c¢): one category of 14.0 technologies has a positive
effect, while the other category has a negative effect on the aggregated performance measure that
includes cost efficiency as well. Consulting papers, not included in Table 1, clearly point out the
potential cost benefits of 14.0. Davies (2015) argues that 14.0 (advanced analytics, predictive
maintenance) can drastically reduce machine failures and downtime, while autonomous robots can

ensure a 24h/day operation, leading to higher utilization of assets. Blanchet and Rinn (2016) emphasize
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that 14.0 improves profitability by reducing labor costs and enhancing asset utilization, which
compensate for the increased depreciation costs of more expensive 14.0 assets. Based on these findings,
our aim is to verify on a more diverse, large-scale dataset the relationship between 14.0 technologies and
cost efficiency.

H1. Industry 4.0 technologies have a positive impact on cost performance.

In terms of quality improvement, the literature review of Garay-Rondero et al. (2019) argues that
digitized supply chains have a better knowledge of the customers’ quality requirements and automated
quality control systems can also bring important benefits in this area. Similar arguments are put forward
by Fatorachian and Kazemi (2018) and Mittal et al. (2019). Carvalho et al. (2019) dedicate a specific
review to the concept of excellence 4.0, arguing that 14.0 offers further improvement opportunities in
the field of quality. On the other hand, an earlier review by Moeuf et al. (2017) finds no impact on
quality performance. Adopting a more practice-oriented perspective, the experimental study of Munoz
et al. (2019) shows how 14.0 can improve the quality inspection process in the automotive industry,
while Kucukoglu et al. (2018) provide an example how a wearable technology can assist the detection
of defective assembling processes. The case studies presented by Alexopoulos et al. (2016) and Kumar
et al. (2020) argue for expected quality benefits from implementing various 14.0 technologies.
Ghobakhloo and Fathi (2020) show how a lean-digitized manufacturing system contributed to the
reduction of defect rates. Lastly, most survey studies also find a positive impact on quality. However,
all these studies focus on a single country and handle quality as part of an aggregated performance
measure (Tortorella and Fettermann, 2018; Dalenogare et al., 2018; Tortorella et al., 2019b; Biichi et
al., 2020; Tortorella et al., 2020). Mixed findings are only reported by Tortorella et al. (2019c¢).

H2. Industry 4.0 technologies have a positive impact on quality performance.

In terms of delivery performance, most literature review papers included in Table 1 assume a positive
impact on delivery speed and reliability (Moeuf et al., 2017; Fatorachian and Kazemi, 2018; Chainan
and Singh, 2019; Garay-Rondero et al., 2019). Fatorachian and Kazemi (2018), for example, argue that
14.0 enables last-minute changes in the production process, thereby speeding up the responsiveness to
changing customer demands. Agarwal and Brem (2015) also show how the integration of software and
analytics capabilities has allowed a faster time to market for products. In an analogous manner, Horvath
and Szab6 (2019) show that improving lead times is an important driving force to implement 14.0
technologies. Ghobakloo and Fathi (2020) provide an example where the digitization of manufacturing
revolutionized customer and supplier relationships, reducing the lead times for receiving raw materials
and spare parts, on one hand, and improving production and delivery schedule accuracy, on the other
hand. Some of the case studies, however, provide mixed results. Luomaranta and Martinsuo (2019)
argue that additive manufacturing can speed up deliveries by enabling small batches, but in the same
time slow down manufacturing due to the diversity of part types. Steenhuis and Pretorius (2017) also
show that while additive manufacturing can speed up the production of prototypes, the overall speed of

production is still lower than for traditional manufacturing. Similarly to the previous performance

1



dimensions, survey studies offer support for a positive relationship between 14.0 and delivery as well,
but mix speed (e.g. Ghobakhloo and Azar, 2018; Bichi et al., 2020) and delivery reliability (e.g.
Tortorella et al., 2019c; Tortorella et al., 2020) related variables with other performance measures.

H3. Industry 4.0 technologies have a positive impact on delivery performance.

In terms of the flexibility dimensions, all literature review papers propose a positive association
between 14.0 technologies and flexibility performance (Moeuf et al., 2017; Fatorachian and Kazemi,
2018; Chainan and Singh, 2019; Garay-Rondero et al., 2019; Machado et al., 2019). Machado et al.
(2019), for example, propose that one of the central issues of 14.0 concerns the operation of
reconfigurable, adaptive and evolving smart factories. Moeuf et al. (2017) conclude that the most
frequently mentioned performance impact of 14.0 technologies is related to the flexibility dimension. In
a more pragmatic approach, the cases analyzed by Eyers et al. (2018) provide evidence for the positive
relationship between additive manufacturing systems and several flexibility dimensions. Investigating
the business model changes induced by 14.0, Mdller (2019) argues that the value proposition of these
businesses becomes more flexible by offering a wider product range, including new data-driven products
and services, and a more flexible and customized production. In terms of additive manufacturing,
Luomaranta and Martinsuo (2019) argue that it enables the “economies of one” whereby firms can
manufacture personalized small batches that better fulfill individual customer demands. Besides
customization, Steenhuis and Pretorius (2017) argue that additive manufacturing can also enhance the
ability of firms to introduce new products or to modify existing ones, thereby enriching the product mix
offered. While review and case study papers offer several examples for the flexibility implications of
14.0 technologies, survey studies offer only scarce evidence. Only three papers include some type of
flexibility dimension (Dalenogare et al., 2018; Arnold and Voigt, 2019; Biichi et al., 2020), none of
them treating flexibility as a stand-alone performance dimension.

H4. Industry 4.0 technologies have a positive impact on flexibility performance.

Second, in terms of the three contextual factors (firm size, MNC status, country competitiveness)
involved in our study, our literature review shows that:
a) only a few studies include the effect of contingencies on the implementation of 14.0
technologies (13 papers out of 35);
b) Size is the most frequently investigated contingency factor, but is usually included only as
a control variable (the only exception is Lin et al., 2019), and findings provide mixed results;
¢) As several papers focus only on one country or investigate only MNCs, the impact of
country competitiveness and MNC status has not yet been investigated in detail.
Thus, we propose to investigate (a) the impact of three important contextual variables on the
implementation on 14.0 technologies (b, ¢) on a large-scale sample involving a broad variety of
manufacturing firms in terms of size, country of location and a good mix of local companies and MNC

subsidiaries.



Firm size is one of the most frequently investigated contextual factors in operations management,
larger size being usually associated with a more intensive implementation of manufacturing practices
(Sousa and Voss, 2008). Mittal et al. (2019), for example, argue that large companies have already
embraced 14.0, while small and medium sized firms (SMEs) struggle to adopt 14.0 technologies.
Similarly, the cases analysed by Horvath and Szabé (2019) indicate that SMESs may be less aware of the
opportunities provided by 14.0 technologies, and the lack of financial resources provides another
implementation barrier. Survey papers and statistical analyses offer empirical support to this statement.
Lin et al. (2019) find that in China larger firms are significantly more likely to implement 14.0
technologies. Findings are, however, not conclusive. Focusing on SMEs, Pini (2019) finds only a partial
size effect. On an Italian sample, Buchi et al. (2020) also indicate that larger firms are more intensively
embracing 14.0 technologies, but they find that smaller companies are more likely to obtain greater
performances from the implementation. The two-country study of Tortorella et al. (2019a) finds a
significant size effect only for the Brazilian subsample, but not for the Italian subsample. Agostini and
Filippini (2018) conclude that size has a significant impact only in case of certain types of 14.0
technologies. Furthermore, the statistical analyses of Ancarini et al. (2019), Arnold and Voigt (2019)
and Tortorella and Fettermann (2018) find no significant size effects. Taken together, these results
indicate that larger firms have some advantages over smaller ones, but 14.0 adoption is an ongoing
process in SMEs as well. Consequently, several 14.0 studies focus exclusively on SMEs (Ghobakhloo
and Fathi, 2020; Mittal et al., 2019; Moeuf et al., 2017; Mdiller, 2019; Pini, 2019). Nevertheless, given
that larger firms possess more resources and knowledge to implement 14.0 technologies, and these
technologies can only pay off if their utilization is high (Horvath and Szab6, 2019; Moeuf et al., 2017),
we hypothesize:

H5. Larger firms invest more in Industry 4.0 technologies

Next, literature offers little empirical support in deciding whether MNCs are superior to local firms
in terms of implementing 14.0 technologies. Only two of the papers reviewed focus explicitly on MNCs
(Agarwal et al., 2015; Kumar et al., 2020), though the number of articles that do not specify this aspect
is quite high and possibly include a lot of MNCs in their samples. In a case-based paper, Horvath and
Szab6 (2019) argue, on the other hand, that MNCs have better opportunities in terms of 14.0 than local
SMEs. The authors conclude that MNCs face both stronger driving forces and lower barriers than local
companies in nearly every aspect of 14.0 implementation. Furthermore, we also argue that by operating
an international network of subsidiaries, MNCs can tap into multiple local sources of knowledge, which
increases the capacity of each subsidiary and of the MNC as a whole to innovate (Andersson et al., 2002;
Andersson et al., 2005; Van Wijk et al., 2008). On the other hand, local firms have access only to the
external knowledge residing in their specific local context (Bierly et al., 2009; Kang and Kang, 2009).
More generally, MNCs have everything that local firms possess only in limited quantities (resources,
knowledge, experts), and they are more able to handle complex technology-based systems. Combined

with efficient knowledge sharing systems, we assume that MNCs take part more intensively in
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implementing the technologies enabling 14.0. Case-based research also supports this view (Demeter et
al., 2018).

H6. Being part of a MNC has a positive impact on the implementation of Industry 4.0 technologies

Lastly, we turn to the country of location effect. Judging solely by the country contexts presented in
Table 1, studies are placed both in highly competitive (e.g. Germany, Finland, Sweden) and less
competitive (e.g. Brazil, India, Iran) country settings. Most papers focus only on one country which
makes the assessment of the impact of country context on 14.0 implementation nearly impossible. Pini
(2019) compares two Italian regions, finding that firms located in the less competitive region invest less
in 14.0 technologies, though statistical significance is not tested. In a review of 14.0 related papers,
Chaunan and Singh (2019) list the top countries where 14.0 studies originate from. The top of the list is
dominated by two highly competitive countries, Germany and the USA, but the set of predominantly
developed countries includes some exceptions as well, notably China and India. Nevertheless, their
study clearly suggests that highly competitive countries are at the forefront of implementing 14.0
technologies. Tortorella et al. (2020) carry out a survey study in Brazil, but argue that their results cannot
be extrapolated to other country contexts, given that “I4.0 has been more extensively adopted by
manufacturers located in developed economies such as Germany, UK and USA” (p. 291). On the other
hand, in a comparative study Tortorella et al. (2019a) find that several 14.0 technologies are more widely
implemented by manufacturers from the Brazilian sample compared to their Italian counterparts from a
more competitive economic context. Nevertheless, we also argue that highly competitive countries
possess more knowledge and intangible capital which are crucial premises of innovation (Mudambi,
2008), such as the technologies enabling 14.0. Mainstream international business studies also argue that
knowledge resides mostly in highly competitive countries (Gupta and Govindarajan, 2000), and it often
remains embedded in specialised industry clusters (Cantwell and Janne, 1999; Kuemmerle, 1999). Thus,
we hypothesize:

H7. The competitiveness of the host country has a positive impact on the implementation of

Industry 4.0 technologies

The research framework is summarized in Figure 1.

Figure 1. Research framework
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Research methodology
Data sources

For the analysis, two different data sources are combined. Country-level data is collected from the
Global Competitiveness Reports published yearly by the World Economic Forum (WEF) which
represent one of the most comprehensive studies tracking the competitiveness of almost 140 countries
(Schwab, 2017). Company-level information is gathered using the sixth edition of the International

Manufacturing Strategy Survey (IMSS) (www.manufacturingstrategy.net).

IMSS provides company-level data on 14.0 technology implementation, operational performance, as
well as plant size and MNC status. IMSS V1 is the latest edition of the survey carried out in 2013-2014
in 22 countries. The data collection process was administered in each country by local coordinators, the
unit of analysis being the individual manufacturing plant. Wherever needed, English language
guestionnaires were translated into local language by manufacturing strategy academics using a reliable
method (double and/or reverse translation). Targeted plants were chosen from official databases of
manufacturing organizations in each country, belonging to the ISIC Rev. 4 Divisions 28-35
(manufacture of fabricated metal products, machinery and equipment). The questionnaire was filled in
by Manufacturing Managers or the person in an equivalent position. The IMSS VI database contains
data collected from 931 manufacturing plants. Despite the large overall sample size an important
drawback of the data employed is that individual country samples are not statistically representative.
However, the relatively high number of respondents and the diversity of countries and regions enabled
us to search for more general relationships and tendencies. For the purpose of the present study we
selected only the cases that had complete responses on all the variables of interest, and that had at least
50 employees. The final research sample consists of 705 respondents altogether. The distribution of the
sample by country and region is presented in Table 2.

Table 2. The composition of the IMSS research sample by country and region


http://www.manufacturingstrategy.net/

Country / region | Frequency :f))tgr Country / region Frequency (t)/c())tgr
Hungary 38 5.4 | Sweden 18 2.6
Romania 36 5.1 | Switzerland 22 3.1
Slovenia 17 24| Western Europe 187 26.5

CEE 91 12.9 | China 95 13.5
Italy 25 3.5 | India 79 11.2
Portugal 27 3.8 | Malaysia 10 14
Spain 18 2.6 | Taiwan 25 3.5

Southern Europe 70 9.9| South-East Asia 209 29.6
Belgium 19 2.7 | Brazil 25 3.5
Denmark 29 4.1 | Canada 16 2.3
Finland 30 4.3 | Japan 74 10.5
Germany 9 1.3 ] USA 33 4.7
Netherlands 38 5.4 Mixed regions 123 17.4
Norway 22 3.1 | TOTAL 705 100.0

The IMSS sample also contains a good mix of manufacturing plants in terms of size (measured as
the total number of employees) and industry (identified by ISIC codes) (Table 3).

Table 3. The composition of the IMSS research sample by size and industry

Employees Frequency ('z/cc))tglf ISIC code* | Frequency (;/gtgr
Small (50-249) 308 43.7 25 218 30.9
Medium (250-500) 135 19.1 26 100 14.2
Large (>500) 262 37.2 27 116 16.5
TOTAL 705 100.0 28 164 23.3

29 73 10.4
30 34 4.8
TOTAL 705 100.0

*|SIC 25: Manufacture of fabricated metal products, except machinery and equipment; 26:
Manufacture of computer, electronic and optical products; 27: Manufacture of electrical equipment;
28: Manufacture of machinery and equipment not elsewhere classified; 29: Manufacture of motor
vehicles, trailers and semi-trailers; 30: Manufacture of other transport equipment.

The Global Competitiveness Report aims at offering comparable time series on country-level
competitiveness, computing the Global Competitiveness Index (GCI) for each participant country
yearly. The GCI is a composite index that combines 114 indicators measuring the determinant factors
of the productivity of an economy, including such domains as infrastructure, health and education,
labour market, technological readiness or innovation. Indicators are based on statistical data collected
from internationally recognized organizations, which is complemented by the WEF’s Executive Opinion
Survey that reflects the qualitative aspects of competitiveness (Schwab, 2017). In this paper we use the
values of three subsequent GCI data series (GCI 2014-2015, GCI 2013-2014, GCI 2012-2013) that



correspond to the timeframe of the retrospective questions of the IMSS study, thus ensuring the

compatibility of country-level and company-level data. The individual GCI scores, as well as the average

GClI scores (AvgGCl) of the 3 years for each country, are presented in Table 4.

Table 4. Competitiveness scores for host countries and regions involved in the present study

C?:g;f)rg : 2012.13 | 2015.14 | 201415 | AV9CC! C?:g;gr?l / 2012.13| 2015.14| 2014.15 | AV9CC!
Hungary 4.30 4.25 4.28 4.28|Norway 5.27 5.33 5.35 5.32
Romania 4.07 4.13 4.30 4.17|Sweden 5.53 5.48 5.41 5.47
Slovenia 4.34 4.25 4.22 4.27|Switzerland 5.72 5.67 5.70 5.70
CEE 4.24 421 4.27 4.24|West. Eu. 5.44 5.41 5.42 5.42
Italy 4.46 441 4.42 4.43|China 4.83 4.84 4.89 4.85
Portugal 4.40 4.40 4.54 4.45[India 4.32 4.28 4.21 4.27
Spain 4.60 457 4.55 4.57|Malaysia 5.06 5.03 5.16 5.08
South Eu. 4.49 4.46 4.50 4.48| Taiwan 5.28 5.29 5.25 5.27
Belgium 521 5.13 5.18 5.17|SE Asia 4.87 4.86 4.88 4.87
Denmark 5.29 5.18 5.29 5.25|Brasil 4.40 4.33 4.34 4.36
Finland 5.55 5.54 5.50 5.53|Canada 5.27 5.20 5.24 5.24
Germany 5.48 5.51 5.49 5.49|Japan 5.40 5.40 5.47 5.42
Netherlands 5.50 5.42 5.45 5.46|USA 5.47 5.48 5.54 5.50

(continued...)|Mixed 5.14 5.10 5.15 5.13

*AvgGClI = average score of the GCI values of the 3 years relevant for this study

Measurement model

Plant size is measured as the natural logarithm of the total number of employees (LnSize). MNC
membership is assessed using a questionnaire item which enquires whether the manufacturing plant is
a stand-alone plant (only plant of a company) or it operates as member of a domestic, regional or global
manufacturing network. MNC membership is measured as a binary variable (MNC), where stand-alone
plants and members of domestic manufacturing networks are designated as “local” plants, while plants
belonging to regional or global production networks are handled as MNC subsidiaries (Local=0,
MNC=1).

Next, confirmatory factor analysis (CFA) was used to develop the construct for 14.0 implementation
and performance improvement indicators.

Altogether three individual items were used to develop the 14.0 implementation construct (14.0_tech).
The three items reflect the three distinguishing features of 14.0 technologies shown in the literature
review, namely (a) the use of advanced process technologies that were inexistent prior to 14.0, (b) the
technologies of the smart factory of the future, and (c) the shift towards a greater automation and
robotization (see Appendix). The respondents had to indicate the effort put in the last three years into
implementing these technologies. The IMSS questionnaire also enquired for the current level of

implementation of these technologies, but these items show high correlation with the items measuring
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the efforts in the last three years. Given that the questionnaire was administered in the early years of
14.0, this is not surprising, and demonstrates that there are no inconsistencies in the measurement
between the current level of implementation and the past efforts undertaken to implement these
technologies.

Further nine questionnaire items asked respondents to indicate how the manufacturing performance
of their plant has changed over the last three years (see Appendix). These items conform to the definition
of best practices in the literature (Laugen et al., 2005) according to which practices are “best” if they
lead to an improvement in operational performance. For items where lower values represent better
performance (i.e. cost) a reverse scale was used. Altogether, four performance improvement constructs
were developed, representing the four traditional performance dimensions in operations (CostPerf,
QualPerf, FlexPerf, DelivPerf).

The measurement model presented in Table 5 shows adequate fit to the data (see absolute and
incremental fit indices). The reliability, convergent validity and discriminant validity of the
measurement model was also assessed (Hair et al., 2010). Convergent validity refers to the extent to
which items of the same construct are related and share a high proportion of variance. Factor loadings,
average variance extracted (AVE) and composite reliability (CR) were examined to establish convergent
validity. As a minimum requirement, all factor loadings should be significant. Additionally, all factor
loadings must exceed .50, and ideally .70. In our case all standardized factor loadings are highly

significant and — except for one item — all loadings exceed .70 (see Table 5).

Table 5. Constructs developed using CFA

. Path
Construct  Item Item description Mean SD loading***
14.0 technologies construct (implementation effort in the last 3 years)
T1 Use of advanced processes 284 132 718
14.0_tech T2 Development of “the factory of the future” 261 1.19 .809
T3 Engaging in process automation programs 293 1.24 738
Operational performance constructs (performance improvement in the last 3 years)
C1 Unit manufacturing cost 250 .971 .810
CostPerf C2 Order cost 2.43 .895 713
C3 Manufacturing lead time 2.80 .968 .637
1 Conformance qualit 3.14 937 .823
QualPerf Q . q.u .I .y
Q2 Quality and reliability 3.26 .964 .858
F1 Volume flexibility 3.24 986 .810
FlexPerf . -
F2  Mix flexibility 3.15 .970 756
DelivPerf D1 Del!very spe_ed_ ' 3.23 .976 .845
D2 Delivery reliability 3.25 991 .876

*** All loadings significant at p<.001
Absolute fit indices: y*=130.421, p=.000, df=44, y*/df=2.964, GF1=.970, RMSEA=.053 (p=.313),
SRMR=.0410 Incremental fit indices: NFI1=.963, CF1=.975, TL1=.962



CR values of each factor exceed the .7 threshold value, indicating that individual items consistently
represent the same construct. AVE values exceed the usual threshold of .50 for all constructs, showing
adequate levels of convergent validity. Discriminant validity is assessed by comparing the correlation
between each pair of constructs to the square root of the AVE measure of the two factors. In each case
correlation value is lower than the square root of AVE, indicating that each construct represents a truly

different phenomenon than other constructs (Table 6).

Table 6. Reliability, convergent validity and discriminant validity of the measurement model

CR | AVE | 14.0 tech | DelivPerf | CostPerf | QualPerf | FlexPerf
14.0_tech .800 | .572 .756
DelivPerf 851 | .741 .288 .861
CostPerf .765 | .523 .183 434 723
QualPerf .828 | .707 .381 .682 374 841
FlexPerf .760 | .614 .346 .627 439 643 .783

CR — construct reliability, AVE — average variance extracted, square root of AVE — values on the
diagonal (in bold), remaining values — pairwise correlations between constructs.

Analysis and results

Results of the structural model

Having a valid and reliable measurement of the constructs, the relationships presented in Figure 1 are
tested using structural equation modelling (SEM) by converting the measurement model (Table 4) into
a structural model, and by adding the contingency variables (country competitiveness — AvgGCIl; MNC
membership — MNC; size of the business unit - LnSize) to the model. Results of the analysis are
summarized in Figure 2, while the details of the hypothesis testing are included in Table 7. For the sake
of brevity, Figure 2 displays only the main constructs, without showing the individual items loaded on

each construct.

Figure 2. Structural model and standardized path loadings with p-values
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n.s. = not significant, *** significant path loading (p<.001)

Results show that the implementation of 14.0 technologies leads to important performance benefits
for manufacturing firms, having a positive impact on cost (H1), quality (H2), delivery (H3) and
flexibility (H4). Thus, all hypotheses related to the impact of 14.0 technologies on operational
performance are confirmed. In terms of the contingency variables we arrive at mixed results. First, size
has a positive and significant impact on 14.0 implementation, indicating that the larger the firm, the
higher the effort to implement 14.0 technologies, thus confirming H5. Second, being part of an MNC
seems to have no significant impact on 14.0 implementation, meaning that local plants and MNC
subsidiaries undertake similar efforts to implement 14.0 technologies. Thus, our data does not support
H6. Lastly, the results regarding H7 are contrary to our expectations, as we found a significant negative
relationship between country-level competitiveness and the implementation of 14.0 technologies,
indicating that less competitive countries invest more into 14.0. Having this seemingly counter-intuitive

result, the next subsection investigates the impact of contingency variables on 14.0 implementation in

more detail.
Table 7. Results of hypothesis testing
Hypothesis Relationship Path coeff. | P-value Conclusion
H1 14.0_tech — CostPerf 227 .000 Supported
H2a 14.0_tech — QualPerf 446 .000 Supported
H2b 14.0_tech — DelivPerf 341 .000 Supported
H2c 14.0_tech — FlexPerf 417 .000 Supported
H3 LnSize — 14.0_tech 148 .000 Supported
H4 MNC — 14.0 tech .027 486 Not supported
H5 AvgGCl — 14.0_tech -.196 .000 Inverse relationship

Impact of contingency variables on the implementation of 14.0 technologies — a detailed analysis

To better grasp how the 3 contingency variables, and especially country-level competitiveness, influence
14.0 technology implementation, we created a cross-tabulation of each pair of contingency variables,
and used ANOVA (analysis of variance) with LSD post-hoc tests to investigate whether these subgroups
significantly differ in terms of 14.0 implementation. To be able to create subgroups, we converted each
variable into categorical variables. MNC membership was already measured as a binary variable,
including the two groups of local plants (N=383) and MNC subsidiaries (N=322). In terms of size, three
groups were created based on the total number of employees (Table 2): small (50-249), medium (250-
500) and large (500+) manufacturing plants (N=308, 135, 262, respectively). In terms of country-level
competitiveness, we conducted a two-stage cluster analysis. First, using the hierarchical cluster analysis
with Ward’s method, we determined the optimal number of clusters, which was two. Then, using k-
means cluster analysis, we developed two clusters of manufacturing plants, those located in a more

competitive (N=345) and in less competitive countries (N=360). The cut-off value between the two

10



clusters is at AvgGCI=5, meaning that the most competitive country in the less competitive group is
China (AvgGCl=4.85), while the least competitive country in the more competitive group is Malaysia
(AvgGCl=5.08) (see Table 3 for AvgGCl values).

Having these categorizations, first, we combined size and MNC membership to create 6 subgroups,
i.e. local small (N=208), medium (N=75) and large firms (N=100), and small (N=100), medium (N=60)
and large MNC subsidiaries (N=162). The comparison of the 6 subgroups in terms of 14.0
implementation efforts is presented in Figure 3. Results of the ANOVA LSD post-hoc test show that,
indeed, size matters in implementing 14.0 technologies (H3), while MNC membership does not play a
role (H4): plants that have reached at least a medium size invest significantly more effort into 14.0
implementation than small manufacturing plants, irrespective whether they are part of an MNC or not.

Figure 3. Comparison of 14.0 technology implementation between groups based on size and MNC

membership
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Significantly different from:
(LSD post-hoc test, p<.05) CDEF GDEF AB AB AB AB
ANOVA: F(5, 704) = 4.797, p = .000

Second, we combined size and country-level competitiveness to create 6 further subgroups, i.e. small
(N=149), medium (N=62) and large plants from highly competitive countries (N=134), and small
(N=159), medium (N=73) and large plants from less competitive economies (N=128). The comparison
of the 6 subgroups in terms of the efforts undertaken to implement 14.0 technologies is presented in
Figure 4. Results of the post-hoc test show that more competitive countries invest significantly less in
14.0 implementation than their counterparts from less competitive countries, the difference being
significant in the group of small manufacturing plants. Small manufacturers located in highly
competitive countries lag the most behind. Small manufacturers in less competitive economies, on the
other hand, invest almost the same amount as medium and large plants located in highly competitive

countries. Medium and large manufacturers in less competitive economies are at the forefront.
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Figure 4. Comparison of 14.0 technology implementation between groups based on size and country

competitiveness
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Third, we combined country-level competitiveness and MNC membership, resulting in 4 subgroups,
i.e. local manufacturers located in highly competitive countries (N=139), local manufacturers in less
competitive countries (N=244), MNC subsidiaries in highly competitive economies (N=206), and MNC
subsidiaries in less competitive countries (N=116). The comparison of the 4 clusters in terms of efforts
undertaken to implement 14.0 technologies is presented in Figure 5.

Figure 5. Comparison of 14.0 technology implementation between groups based on country
competitiveness and MNC membership
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From a statistical perspective, results show clearly that local manufacturing plants in highly
competitive economies invest significantly less effort into implementing 14.0 technologies compared to
all other groups of plants. The general difference between more and less competitive economies seems
to be attributable to the local companies: local manufacturers in less competitive countries invest
significantly more in 14.0 technologies than local plants in competitive countries. MNC subsidiaries

invest approximately the same amount in both country groups.

Implementing 14.0 technologies — a regional comparison

To offer a deeper insight into the unexpected results regarding H7, we have grouped our research sample
according to main geographical regions, aiming to include in each group countries with similar GCI
levels. We have filtered out Brazilian companies from our sample (and thus from the “Mixed regions”),
as it is the only country from South America in our sample. Thereby, the Mixed cluster contains only 3
highly competitive countries, albeit from two different continents. Final regional clusters are presented
in Table 8.

Table 8. Regional country clusters

. . No. of
Region Countries plants Pct. of total
Central-Eastern . . 0
Europe (CEE) Hungary, Romania, Slovenia 91 13.4%
Southern Europe . 0
(SouthEU) Italy, Portugal, Spain 70 10.3%
Western and Northern Belgium, Denmark, Finland, Germany, 187 27 5%
Europe (WestEU) Netherlands, Norway, Sweden, Switzerland 70
South-East Asia (SEA) China, India, Malaysia, Taiwan 209 30.7%
Mixed regions (Mixed) Canada, Japan, USA 123 18.1%
TOTAL 680 100.0%

ANOVA results are summarized in Figure 6. Post-hoc tests shed more light on the negative
relationship between country competitiveness and 14.0 implementation. The difference is clearly made
by the South-East Asian cluster, notably China and India. This cluster has by far the highest level of
implementation efforts, while the two highly competitive clusters (WestEU and Mixed) lag behind. On
the other hand, CEE and SouthEU, the remaining two clusters with lower levels of country
competitiveness, are also behind the SEA cluster. Thus, the results of the regional analysis show that

South-East Asian countries are the main reason behind the negative relationship found in respect of H7.
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Figure 6. Differences between regions in 14.0 technology implementation efforts
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Discussion
Theoretical implications
First, according to our findings related to H1-H4, 14.0 technologies truly have a best practice status in
the sense that they significantly contribute to the improvement of operational performance of
manufacturing firms (Laugen et al., 2005). To the best of our knowledge, our paper represents the first
study that empirically demonstrates on a large-scale international dataset the detailed operational
performance benefits of 14.0 implementation. Our results show that these emerging technologies affect
operational performance measures related to cost, quality, delivery and flexibility as well, which
represents a confirmation and extension of previous case-based or single-country studies arguing for a
positive impact on at least one of the performance dimensions (e.g. Dalenogare et al., 2018; Eyers et al.,
2018; Ghobakloo and Fathi, 2020; Tortorella et al., 2019b). Additionally, our results indicate that
companies witnessed greater effects of 14.0 implementation on quality, delivery and flexibility than on
cost performance. This may underline that cost efficiency is not the sole, or at least not the main, purpose
of 14.0 implementation. 14.0 technologies can contribute to the creation of better value propositions
based on higher quality, better flexibility, and quick and reliable delivery. On a macroeconomic level,
developing and supporting complex 14.0 implementation projects might help countries to position
themselves (and their companies) as potential locations for higher value-added manufacturing instead
of pure cost-related offshore targets (cf. Ancarani et al., 2019). This issue can be particularly relevant
for emerging countries, including the economies of the CEE region, which still attract less advanced,
repetitive manufacturing activities with low-cost advantages (Jensen and Pedersen, 2011; Demeter and
Szész, 2016; Tortorella et al., 2020).

Second, in respect of H5, size is one of the most important contingency factors influencing the

implementation of 14.0 technologies. SEM results indicate that larger companies invest more in new
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technologies. Based on ANOVA, reaching a medium size (250+ employees) is already sufficient for a
higher intensity of 14.0 implementation. These results can be explained by the fact that technological
investments are usually capital intensive, for which only larger companies possess the necessary
resources (Moeuf et al, 2017; Horvath and Szabd, 2019; Mittal et al., 2019), and economies of scale are
needed to harvest maximum results, where larger companies are, again, better positioned. These findings
are in line with previous literature which considers size as one of the most important contingency factors
in implementing manufacturing technologies and practices (Sousa and Voss, 2008; Boyer et al., 1996).
Our results complement these findings, showing that this pattern remains unchanged in the case of the
more recent 14.0 technologies as well. Nevertheless, it deserves further attention whether and how the
absorptive capacity of smaller firms will evolve over time to access more 14.0 technologies.

Third, connected to H6, we found no relationship between MNC membership and 14.0
implementation. ANOVA results further show that beside MNCs, medium-to-large local manufacturers
undertake similar efforts to adopt 14.0 technologies. The novelty of 14.0 solutions can explain this
seemingly counter-intuitive finding. For example, the case study-based paper of Demeter et al. (2018)
revealed that MNCs with a global network of plants start their digital transformation with several
template factories. These selected plants implement pilot projects with different applications. After they
accumulate enough knowledge and experience with a technology, the diffusion of the technologies and
applications tested can be accelerated within the MNC. This approach means that on an aggregate level
MNC subsidiaries show only an average level of adoption, which may increase quickly in the future,
after 14.0 technologies reach a certain maturity. Furthermore, the knowledge advantage of MNCs, i.e.
their embeddedness in internal and external knowledge networks (Kogut and Zander, 1993; Shi and
Gregory, 1998; Gupta and Govindarajan, 2000; Van Wijk et al., 2008; Andersson et al., 2002; Andersson
et al., 2005), seems to have no current influence on 14.0 technology adoption, and local manufacturers
invest similar amounts of resources in 14.0 implementation. This result might imply that in terms of 14.0
solutions local firms can also efficiently engage in cooperation and knowledge transfer with external
partners, such as universities, R&D institutions, supply chain partners, consultancies, etc. (Bierly et al.,
2009; Kang and Kang, 2009).

Fourth, and contrary to mainstream assumptions (H7), we found that country-level competitiveness
has a negative impact on 14.0 implementation efforts, i.e. manufacturing plants located in less
competitive countries invest more into implementing 14.0 technologies. Regional analysis adds a further
insight by showing that among less competitive economies, the South-East Asian cluster provides the
highest results, the cluster being dominated by Chinese and Indian firms. CEE and SouthEU countries,
on the other hand, lag behind with similar results as highly competitive countries. A possible explanation
for this unexpected finding could be linked to the theory of performance frontiers (Schmenner and
Swink, 1998; Schmenner and Vastag, 2006). 14.0 could push the limits of the performance frontier by
setting new standards for production and performance. Those, however, who were farther away from

the original performance frontier (i.e. firms located in less competitive economies) will have to invest
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more to reach the new frontier imposed by 14.0. Less competitive countries have been target locations
of outsourcing and offshoring. The relocated activities (usually “contract manufacturing”) have been
dominated by manual tasks, especially in larger automotive and electronics companies. In these
countries, 14.0 opened up a radically new horizon of process engineering and process optimisation,
offering the possibility of technological leapfrogging for these companies, bridging the gap between the
3rd and 4th industrial revolution (Blanchet and Rinn, 2016). As economists have shown, the appearance
of radically new technologies can reinforce the position of more competitive nations, but they also
provide an opportunity for lagging nations to recover their initial disadvantage and position themselves
at the forefront of development by adopting the newest technologies (Brezis et al., 1993). The
technology catch-up strategies followed by several emerging country firms backs up this explanation
(Awate et al., 2012; Kumaraswamy et al., 2012; Lin et al., 2019). Szész et al. (2016) also provide strong
empirical evidence that manufacturing plants located in emerging countries use their MNC networks to
transfer new knowledge that can differentiate them from competition. This reasoning is also in line with
Chaunan and Singh (2019) who identify China and India as top investors in 14.0 technologies. The
International Federation of Robotics also recognizes China as the country with the largest stock of
industrial robots (IFR, 2017).

Managerial implications

From a managerial perspective, our results clearly indicate that 14.0 represents a tool for manufacturing
companies both to cut costs, and to enhance their quality, delivery and flexibility performance, which
can offer a solid basis for competitive advantage. Thus, the implementation of 14.0 technologies has the
potential to improve the competitive position of manufacturing companies.

Simultaneously, however, our findings also indicate that some important contingency factors should
be taken into consideration by managers when shifting towards 14.0 solutions. Plant managers should
consider that medium-to-large units are the ones that intensively implement 14.0 technologies. Having
at least a medium size might indicate for a manufacturing firm that the implementation of 14.0
technologies becomes a necessary step to sustain competitive advantage. MNC status, however, seems
not to play a role. Managers of local companies should also consider investing in 14.0 technologies
which could represent an important tool to compete not just with other local companies, but also with
MNCs. In terms of country competitiveness, the leapfrogging trend of South-East Asian countries
proposed in this paper should represent an example for managers working in other less competitive
regions to invest in 14.0, especially as our statistical results show a strong positive impact of these

technologies on all four operational performance indicators.

Conclusion
Based on an international database, this study investigated how major contingency factors (size, MNC

membership, country competitiveness) drive the implementation of 14.0 technologies, and the way these
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technologies influence operational performance. This approach has a twofold contribution to existing
theories on manufacturing technologies: first, it uses an international survey database to offer more
generalizable results related to the performance impact of 14.0 technologies than previous studies, and
second, it offers novel insights into the role of major contingency factors within the fourth industrial
revolution. Results of the research suggest that in general, 14.0 technologies have a significantly positive,
multi-faceted impact on operational performance, having the potential to improve all four traditional
operational performance dimensions (cost, quality, delivery and flexibility). Nevertheless,
implementation efforts are uneven along different company groups. Smaller companies invest less into
14.0 technologies; MNC plants are not ahead of their local competitors, or at least were not yet ahead
during the survey period; and the biggest investments are visible in some of the emerging countries,
more specifically in South-East Asia. These developments will possibly reorganize manufacturing
ecosystems as well as the global distribution of production activities.

The research presented in this paper is not without limitations, most of which stem from the nature
of the survey-based research. Although the 14.0 questionnaire items incorporate the most important
distinguishing features of 14.0 technologies relative to the third industrial revolution (advanced
processes, smart factory of the future, greater automation and robotization) and provide several
examples to make the categories easier to understand by respondents, some important 14.0 technologies
(e.g. virtual reality, 10T) are not explicitly mentioned. A more detailed survey instrument would enable
a more detailed assessment of various 14.0 technologies and would offer a better insight into the 14.0
developments of the last couple of years.

In respect of the three contingency effects explored, it has to be noted that our approach is far from
being complete as several other contextual factors might influence the adoption of 14.0 technologies. On
the company-level other authors have started to include further contextual variables such as lean
manufacturing (Buer et al., 2018) or organizational learning (Tortorella et al., 2020). Future research
should, however, continue this endeavor preferably by using large-scale empirical studies exploring
further contingency factors. Such factors could include, for example, the role of human resources,
financial resources or management capabilities, on the company-level, and market conditions, labor
costs or governmental policies and subsidies, on the country-level.

Another limitation is related to the performance effects of implementing 14.0 technologies. Due to
the cross-sectional nature of our study, we were not able to investigate the time-dependent effect of
substantial investments into new technologies. Nevertheless, questionnaire items applied in our paper
use the last 3 years as a reference period, thereby covering the effects developed over a longer period of
time and offering a good proxy for overall performance impact. Future, preferably longitudinal research
should investigate this issue in more detail to assess the barriers and benefits related to longer intervals
of 14.0 technology implementation and application.

Furthermore, the survey data employed in this study could not offer insight into how knowledge

regarding 14.0 technologies is acquired and absorbed by manufacturing companies. Future research
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should also identify how these knowledge transfer processes can be improved in order to facilitate the
dispersion of 14.0 technologies to companies that have not yet moved towards this direction, or intend

to continue the path towards developing the smart factory of the future.
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Appendix

Industry 4.0
Indicate the effort put into implementing in the last 3 years the action programs related to:

Effort in the last 3 years
None High

Use of advanced processes, such as laser and water cutting, 3D printing, 1 2 3 4 5

high precision technologies

Development towards “the factory of the future” (e.g. smart/digital
factory, adaptive manufacturing systems, scalable manufacturing)
Engaging in process automation programs (e.g. automated machine tools
and handling/transportation equipment, robots)

1 2 3 4 5

1 2 3 4 5

Operational performance
How has your manufacturing performance changed over the last three years?

Compared to three years ago the indicator has

Decrease Stayecsjaa;:])gut e Slightly increased Increased iitcr;)er;ggé
(- 5% or worse) (-5%/+5%) (+5- +15%) (+15-25%) (+25% or better)
Conformance quality 1 2 3 4 5
Product quality and
reliabqility ’ ! 2 3 4 >
Volume flexibility 1 2 3 4 5
Mix flexibility 1 2 3 4 5
Delivery speed 1 2 3 4 5
Delivery reliability 1 2 3 4 5
e SO e Do i
(+5%/-5%) (-5/-15%) (-25% or more)
Unit manufacturing cost 1 2 3 4 5
Ordering costs 1 2 3 4 5
Manufacturing lead time 1 2 3 4 5

Multinational status
What type of configuration does your manufacturing network have?

Stand-alone: only this Domestic: all the Regional: all the plants = Global: plants located in
plant belongs to the plants located in one  located in one continent®  different continents
company country O O
O O

“Referring to South America, North America, West Europe, East Europe, Middle East, Far East, Oceania, Africa
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