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Abstract 

Industry 4.0 represents both a vision and a concept that paves the way to the next industrial 

revolution. The rise of new IT-technologies such as artificial intelligence, machine learning 

and cyber-physical systems build the technological foundation of what is considered a 

paradigm shift in how goods and services are developed, produced and delivered. While the 

term was often criticised in the beginning as an empty promise that solely serves marketing 

purposes, Industry 4.0 gained recognition fast with governments, research institutes and 

corporations around the globe starting to invest into the idea. However, despite all the efforts 

and resources spent to make the vision a reality, studies have shown that the implementation 

of Industry 4.0 is far from being a smooth process, as companies need to rethink their entire 

business strategies. In fact, the transformational process has been investigated from various 

angles to provide companies with a compass that guides them through this challenging 

transition. However, a systematic understanding of the forces and their magnetic features that 

steer the needle into the future is still lacking. As a consequence, companies either hesitate to 

embark on the transition or struggle to implement Industry 4.0 on a broader scale. In order to 

address this shortcoming, this thesis seeks to synthesise the strongly fragmented knowledge 

about the factors that have an impact on the implementation of Industry 4.0 and to evaluate 

their importance for companies.  

The main objective of the thesis is addressed through three distinct publications. A systematic 

literature review has been conducted in Publication 1 to identify the factors that need to be 

considered when companies implement Industry 4.0. Based on this approach, the study 

identifies 14 factors, discusses their theoretical meaning, and proposes three categories to 

distinguish between them. Based upon these findings, Publication 2 assesses the importance of 

the previously determined implementation factors through the application of a convergent 



 

vi 

 

parallel mixed-study design which is based on surveys with 140 Industry 4.0 practitioners and 

in-depth interviews with 16 Industry 4.0 experts. In that context, results show that the factors 

are not equally important and that five key factors play an elementary role when it comes to 

the transitional process. What is more, the findings show that the importance of certain factors 

varies throughout the life cycle of the transition and that the practitioners’ perception has an 

impact on the perceived importance of the factors. Publication 3 complements the finding of 

the previous two studied by illustrating and visualising the relationship between the previously 

identified and assessed factors through the combination of network theory and systems 

thinking. This approach offers a new perspective on the importance of the implementation 

factors by showing that the importance of the examined factors is not static and that it changes 

depending on the relationship to other implementation factors. Consequently, the findings lay 

the foundations for the development of quantitative models that can be used to simulate specific 

implementation scenario.  
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1.1 Background  
 

Towards the end of the 18th century, the social economy in Europe began to undergo a massive 

change. The mechanisation through steam-based engines led to the industrialisation of major 

sectors in the economy, including agriculture and manufacturing. Retrospectively, this 

development was coined the first industrial revolution due to its strong impact on society 

(Crafts 2011; Kennedy 2020; More and More 2002). Similarly, in the following two centuries, 

the world witnessed two more industrial revolutions. The second industrial revolution was 

mainly driven by new sources of energy and advancements in telecommunication technologies, 

whereas the third industrial revolution, which we are currently experiencing, has been 

characterised by the rise of computer technologies. What these revolutions share is the colossal 

impact on humanity (Atkeson and Kehoe 2001; Greenwood 1997; Liu and Grusky 2013). New 

technological advancements, efficiency boosts and improved transportation infrastructures 

have allowed businesses to grow continuously, increasing both the wealth and size of the 

population in many countries (Greenwood 1997; Liu and Grusky 2013). Today, the rise of 

technologies such as artificial intelligence, cyber-physical systems, big data, and machine 

learning are regarded as the technologies that will pave the way for the next industrial 

revolution, which is often referred to as Industry 4.0 (Koch et al. 2014; Lee et al. 2018; Morrar 

and Arman 2017).  

However, so far, industrial revolutions have been defined retrospectively, after their 

impact on society can be feasibly assessed and measured. In contrast, Industry 4.0 does not 

stand for a development that already has taken place. It is a revolutionary, pre-emptive idea 

defined and understood as a concept that can help companies to achieve higher levels of 

productivity and integration, and which will eventually advance economies to similar levels as 
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previous industrial revolutions (Kagermann et al. 2013; Li et al. 2017; Metallo et al. 2018; 

Vaidya et al. 2018). At its core, the concept is about increasing the levels of autonomy and 

integration of digital solutions by connecting machines, devices, and workforces within and 

beyond organisations. Accordingly, the flow of information resulting from connecting all 

entities can then be analysed and processed to improve the decision-making capabilities of 

organisations in terms of reacting to new internal and external developments, promising to 

make companies more flexible and efficient (Abele et al. 2015; Dalenogare et al. 2018; Fosso 

Wamba et al. 2015). 

Based on this promising outlook, companies started investing in the concept soon after 

its inception in 2011. On a global scale, Industry 4.0 has fast gained relevance, with Europe 

and China having dedicated Industry 4.0 strategies to maintain and extend their competitive 

edge in the manufacturing field (Castelo-Branco et al. 2019; Feng et al. 2018; Li 2017; Santos 

et al. 2017). However, despite its unprecedented and widely recognised potential, the 

implementation of Industry 4.0 has proved to be challenging for corporations and governments 

(Fettermann et al. 2018; Geissbauer et al. 2018; Palazzeschi et al. 2018; Staufen AG 2018). 

Corporations have struggled to match high expectations with actual performance of 4.0 

projects, slowing down the transition process (Basl 2017; Müller et al. 2018; Sommer 2015). 

Although the scientific field has been quick to react, it has yet to develop a comprehensive 

understanding of the concept. The challenge is for the scientific field to examine and explain 

the building blocks of an Industry 4.0 implementation. Against this background, this thesis 

seeks to address this paucity of empirical research on the implementation of Industry 4.0. 
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1.2 Significance of Research  

As described above, the transition towards Industry 4.0 represents a massive challenge for 

companies, governments, and scientists (Müller et al. 2018; Sommer 2015). Despite the lack 

of clear definition, its future impact on the corporate sector and society is widely 

acknowledged. Manufacturing companies in particular, have moved beyond the question of 

whether they will adapt the concept, towards figuring out how they are going to manage the 

transition (Staufen AG 2018). The scientific field of Industry 4.0 is also highly committed to 

supporting companies and government institutions with this transitional process.  

In its current form the research field of Industry 4.0 has already provided important 

insights into which factors need to be considered when implementing Industry 4.0. However, 

this knowledge is largely fragmented and spread out over a large number of investigations with 

different aims and contexts. From investigations that focus on technological challenges to 

studies that examine human resource issues, the implementation of Industry 4.0 has been 

observed from countless angles (Ahuett-Garza and Kurfess 2018; Fantini et al. 2018; Kadir 

and Broberg 2021). Nonetheless, so far, only a few investigations have tried to address this 

diffusion of knowledge itself that is resulting from Industry 4.0’s interdisciplinary and complex 

nature. Due to this shortcoming, companies struggle to develop effective and sustainable 

implementation strategies and often choose to run pilot projects, which are prone to be 

abandoned in favour of day-to-day business (McKinsey 2018; Staufen AG 2018). Likewise, 

from a scientific perspective, due to the lack of a strong foundation with respect to Industry 4.0 

implementation factors, developing comprehensive and effective implementation frameworks 

remains taxing. Consequently, investigating the factors that need to be considered for the 

development of Industry 4.0 specific strategies, frameworks, and use cases represents one of 

the primary aims of the present thesis.  
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Besides knowing the implementation factors, their relative importance and the 

relationships between them need to be further examined. A lack of a clear understanding of 

how vital the implementation factors are can impede the efficient use of resources, adding more 

barriers to the transition process. When managers need to plan and execute Industry 4.0 

projects, they have to operate under resource constraints while making sure that the transition 

is not hurting the baseline of their daily business (Hastig and Sodhi 2020; Schneider 2018). 

Walking that tightrope, knowing which implementation factors are particularly important and 

how they affect other factors involved in the process can therefore make the difference between 

success and failure.  

In light of the above, an increasing number of studies call for a holistic and systematic 

approach to Industry 4.0 to lay the foundation for a better understanding of the dynamic nature 

of the transition process and its atomic structure (Calabrese et al. 2021; Hou et al. 2020; 

Oliveira et al. 2020). The purpose of this thesis is therefore to develop and apply an holistic 

approach that stands on three main pillars, represented by three publications, that will be 

introduced in the following section.  

1.3 Publications in the Thesis  

Overall, the thesis seeks to explore, identify, and better understand the factors that need to be 

considered when organisations decide to implement the concept of Industry 4.0. This objective 

has been divided into three distinct publications as shown by Figure 1. 

As noted in the introduction of this thesis, the knowledge about Industry 4.0 

implementation factors is scattered throughout the Industry 4.0 literature. Therefore, 

Publication 1 aims to systematically identify and discuss the implementation factors that have 

already been acknowledged in previous studies. The identification process is based on a 
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systematic literature review method proposed by Moher et al. (2015); 64 research articles are 

analysed out of 2,896 articles initially returned by three scientific databases searches. Besides 

the factor identification, the thesis also proposes a new way of defining the term Industry 4.0 

and illustrates why the complexity of Industry 4.0 has several dimensions to it. The findings of 

Publication 1 have been further discussed in a book chapter and presented at a conference 

(Appendices B and C) 

 

Figure 1. Key research objectives and approaches in the thesis 

Based on the literature review and definition of Industry 4.0 presented in Publication 1, 

Publication 2 sets out to assess the importance of the previously identified implementation 

Publication 3 key objectives:

Map the multicausality between the previously identified and assessed implementation factors. 

- Construction of a causal loop diagram (CLD) depicting the causal relationship between implementation factors 
based on expert interviews (n=16).

- Application of systems thinking and network theory to examine the relationship between implementation factors 
and their role in the CLD.

Publication 2 key objectives: 

Evaluate the importance of the previously identified Industry 4.0 implementation factors.

- Assess the importance of the previously identified implementation factors through a survey (n=140) and in-depth 
expert interviews (n=16).

- Identify the five most crucial factors through the application of a parallel convergent mixed-study approach.

Publication 1 key objectives:

Identifying factors that need to be considered when implementing Industry 4.0.

- Systematically screen potentially relevant research articles (n=2896) obtained from three scientific databases to 
identify implementation factors.

- Synthesise what is known about the identified Industry 4.0 implementation factors.
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factors and to examine the reasons for their importance based on the experience of Industry 4.0 

practitioners and experts. This knowledge is crucial as it answers the question posed in 

Publication 1 about whether the factors discussed in the academic literature are important to 

those who already work on the Industry 4.0 transition. The findings not only give practitioners 

a better idea of which factors should be prioritised, they also help the scientific field to 

recalibrate its focus, as stressed by a number of studies. In that regard, a convergent parallel 

mixed-methods approach is employed to validate the findings of Publication 1 and to gain a 

detailed understanding of the implementation factors by comparing the results of both data 

sources. At the same time, this approach reveals potential research gaps and contradictions 

between the findings from the practitioner surveys with a sample size of 140 (n=140) and from 

the expert interviews (n=16) (Harrison 2013; Razali et al. 2019). The surveys asked participants 

to rate the 14 factors identified in Publication 1 and to state at which stage of transitional period 

a given factor becomes particularly significant, to further understand whether the importance 

of a factor depends on the stage of transition. In contrast, experts were asked which factors they 

consider important and why, without sharing the findings from Publication 1. Additionally, 

when experts talked about a relationship between two factors, they were asked to elaborate on 

it to set the foundation for Publication 3. Finally, through the application of the described study 

design, Publication 2 aims to determine the five key factors that need to be prioritised when 

companies decide to implement Industry 4.0. 

After having identified and examined Industry 4.0 implementation factors in 

Publication 1 and 2, the final objective of this thesis is to explore and map the multicausality 

between these factors, as various studies have suggested that implementation factors could 

exert influence on each other. Consequently, assessing the importance of the implementation 

factors without considering their multicausal relationship might lead to misconceptions. 
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Moreover, depending on which factors a company focuses on when adapting Industry 4.0, 

comprehending the causal relationship between these factors can further help them to refine 

their implementation strategy. In the same vein, studies that investigate implementation-related 

issues without considering the multicausal perspective might struggle to explain or interpret 

certain observed phenomena. Thus, Publication 3 adapts a well-established and validated 

systems thinking tool, referred to as a causal loop diagram (CLD), to create a visual 

representation of the relationship between the implementation factors according to the 

knowledge shared by Industry 4.0 experts (Jonker and Karapetrovic 2004; Roberts 1978). 

Additionally, the study adopts a novel approach that allowed the researcher to analyse the CLD 

with the help of network theory (McGlashan et al. 2016; Uleman et al. 2021). In this respect, 

the CLD was considered as a directed network to, for example, examine the centrality values 

for each factor and to test the network for existing clusters. A distinct advantage of using this 

approach is that it allows a researcher to learn more about the role of the factors within a 

network, complementing and testing the knowledge gained in Publication 1 and Publication 2.  

1.4 Contributions  

Overall, the three publications presented in this thesis extend our understanding of the 

implementation of Industry 4.0 by exploring and analysing the factors that represent the 

building blocks of the transition process, thereby laying the foundation for future research 

projects that seek to develop more concrete and effective implementation guidelines. 

Publication 1, for the first time, systematically synthesises the widely dispersed 

knowledge about the implementation of Industry 4.0 and identifies 14 potentially important 

factors. In this process, the study summarises what is currently known about the identified 

factors, providing managers and scientist with a foundational understanding of the elements 
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that need to be taken into account when engaging with the implementation of Industry 4.0. The 

study also reveals existing contradictions in the scientific field of Industry 4.0 that need to be 

addressed in future research to further extend our knowledge about the transition process. 

Finally, Publication 1 also demonstrates that the innate complexity of Industry 4.0 is more than 

just technological, further stressing the need for more holistic investigations that acknowledge 

the complex nature of Industry 4.0.  

Building on the knowledge obtained from Publication 1, the second publication in the 

thesis evaluates the importance of the previously identified factors and further examines the 

reasons for their importance. Publication 2 shows that the previously identified factors are not 

equally important and discusses in further detail the five key factors that emerged from the 

combined findings of the survey and the expert interviews. Publication 3 also reveals that the 

stage of the transition affects the importance of certain factors, suggesting that the life cycle of 

the implementation factor should be included in future investigations. Similarly, with the help 

of statistical analysis, the study demonstrates that the perceived importance of the factors can 

change alongside certain variables, such as the participant’s industry background or the fact 

that the participant works for an organisation that uses strategy indicators to track the 

implementation progress. These findings add more context to the findings of Publication 1 and 

can therefore be used to develop implementation guidelines that are tailored to a specific target 

audience and to organisations with distinctive characteristics, beyond general 

recommendations. Finally, besides confirming the findings of the first publication, Publication 

2 also identifies a new implementation factor that has not been covered in the systematic 

literature review, suggesting that future studies should continue to identify potential 

implementation factors.  
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Both Publication 1 and Publication 2 contribute to the Industry 4.0 body of knowledge 

by identifying Industry 4.0 implementation factors and by empirically demonstrating their 

importance. However, findings in both studies also suggest and confirm the need to explore the 

interaction between the factors in order to better understand their role and importance in the 

transition process. Publication 3 addresses this identified gap in the literature and offers new 

insights into the relationship between the previously studied implementation factors. Through 

the application of systems thinking theory combined with network theory, Publication 3 

demonstrates that a complete understanding of what constitutes the role and the importance of 

an implementation factor cannot be obtained without factoring in its causal relationship to other 

factors. In that context, the developed CLD not only visualises the dynamic relationship 

between the implementation factors, but also helps to explain important observations made in 

previous studies. The network perspective reveals that some of the previously identified factors 

play a leading role in enabling the efficacy of other factors. Therefore, these findings raise 

important theoretical issues that have a bearing on how to assess and interpret the importance 

of Industry 4.0 implementation factors.  

 

1.5 Thesis structure 

This thesis is presented in “by publication” format, i.e., the thesis includes three research 

articles in manuscript format (published and unpublished) according to the guidelines of the 

University of Adelaide. It is composed of five themed chapters with Chapters 2 to 4 

representing the three complete research articles (Publications 1 to 3 as indicated in Figure 1). 

Chapter 1 has introduced the topic and presented an overview of the key objectives and main 

contributions. The first publication of the thesis, presented in Chapter 2, systematically reviews 
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the Industry 4.0 literature to identify factors that need to be considered when implementing the 

Industry 4.0 concept. Utilising the findings of Chapter 2, Chapter 3 then continues with an 

evaluation of the importance of the previously identified implementation factors according to 

Industry 4.0 practitioners and experts, based on a convergent parallel mixed-methods study 

design. Chapter 4 further builds upon the previous two publications by further assessing the 

role and the importance of the implementation factors through the application of systems 

thinking and network theory. The combination of these two approaches is used to map the 

multicausal relationship between the previously analysed factors. The final chapter draws 

together the findings presented in this thesis and discusses the overarching managerial and 

theoretical implications. Chapter 5 also presents the limitations of the thesis and the future 

research opportunities arising from the main findings.  
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Abstract: 

Within only a couple of years, Industry 4.0 made the transition from a potential buzzword 

with an uncertain future to a serious manufacturing concept that is adopted by a 

constantly increasing number of companies. However, recent studies suggest that 

corporations struggle with the transitional process or even hesitate to implement Industry 

4.0 at all. As a consequence, several investigations examined the potential factors that 

influence the implementation of Industry 4.0. Yet, a comprehensive view of the issue 

cannot be formed since the findings are spread throughout a number of publications, and 

no single study has attempted to synthesize previous investigations. Therefore, this study 

set out to build a solid foundation for future research and to provide orientation for 

practitioners and governmental institutions by building a bridge between what already 

has been explored and by showing how the Systems Thinking perspective can help to get 

a better understanding of the complex nature of Industry 4.0. Based on a systematic 

literature review, this study presents and discusses a comprehensive list of potential 

factors that influence the implementation of Industry 4.0 and strengthens the idea that 

future research is necessary in order to address contradictory findings and to develop 

efficient Industry 4.0 implementation frameworks.  
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2.1 Introduction  

After being introduced in 2011 at a trade fair in Germany, the term Industry 4.0 has gained 

international attention (Roblek et al., 2016; Wang et al., 2016; Liao et al., 2017). Its importance 

for science, corporations, and governmental institutions is illustrated by a growing body of 

literature as well as by an increasing number of companies that start to engage with the topic. 

(Buer et al., 2018; Liao et al., 2017; Xu et al., 2018; Morton et al., 2018; Staufen AG, 2018). 

However, even though Industry 4.0 has gained a credit of trust since its introduction, several 

investigations also revealed that its complex nature leads to a number of obstacles companies 

have to overcome in order to benefit from the advantages Industry 4.0 promises (Müller et al., 

2018a; Moktadir et al., 2018; Basl, 2017). These potential obstacles and benefits have been 

investigated by several studies. Yet, a comprehensive picture of which factors have an impact 

on the implementation has not been drawn so far. This can be explained by the fact that the 

majority of publications has been focused on certain factors that mattered in a particular 

context. For example, the study of Tortorella and Fettermann (2017) mainly revolved around 

the internal company perspective of an Industry 4.0 implementation as they investigated, 

among others, the connection between lean manufacturing experience and the transition 

towards Industry 4.0. In contrast,  Feng et al. (2018) primarily analysed factors that cannot be 

controlled by corporations as they investigated the measures that should be taken by the 

Chinese government in order to make the implementation of Industry 4.0 more successful.  

As a consequence, the findings on the factors that potentially influence the 

implementation of Industry 4.0 are scattered throughout a number of studies, increasing the 

difficulty for practitioners, scientists, and governments to get a better understanding of the 

underlying dynamics of an Industry 4.0 implementation. This understanding is crucial as it lays 

the ground for important decisions, including which research needs to be carried out in the near 
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future, what factors are the most important to address for companies, and which government 

measures are necessary. Although the present work does not attempt to find final answers to 

these questions, it intends to create a solid basis upon which those questions can be addressed 

by building a bridge between the different findings that have already been published. Moreover, 

by presenting a comprehensive list of potential factors and by separately discussing the main 

findings for each factor, the present paper further attempts to shift the focus of the current, 

predominantly technology-focused, research towards the implementation of industry 4.0 and 

to provide an idea of how the “Systems Thinking” perspective can help to answer the questions 

above. 

2.2 Theoretical Background  

2.2.1 Industry 4.0  

Unlike the first industrial revolutions which were defined retrospectively based on historical 

developments, Industry 4.0 somewhat resembles a self-fulfilling prophecy based on the future 

potential of current technologies and concepts. In this context, technologies such as Cyber-

Physical Systems, Big-Data, and autonomous systems act as enablers for the core concept and 

vision of Industry 4.0, the creation of a smart environment that is based on enabling all entities 

within that environment to collectively share, collect, and process their information in real-

time (Kagermann et al., 2013; Liao et al., 2017; Bartodziej, 2017). A smart industrial 

environment is not limited to one single factory nor to a single company; it ideally includes the 

whole supply chain, which allows companies to be more resilient and responsive to external 

stimuli such as changing customer’s demand (Schneider, 2018; Buer et al., 2018). 

Since the dawn of the first industrial revolution, each revolution has led to an increase 

in productivity and changed working life entirely, further illustrating the enormous 
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expectations that are consequently linked to industry 4.0 (Buer et al., 2018; Kagermann et al., 

2013; Rüttimann and Stöckli, 2016). Given these growing expectations, the term also has 

become a controversial subject, that has caused a still ongoing debate regarding its relevance, 

potential, and future impact on the economy and society (Drath and Horch, 2014; Sommer, 

2015; Liao et al., 2017). At a glance, the frontline seems to run between doubts and believe, 

between the question of whether industry 4.0 is able to keep its promises or whether it is just a 

colorful label on an empty box.  

However, against the background of these controversies, it is even more critical to have 

a clear vision of what Industry 4.0 is. Therefore, the present work refers to a balanced 

understanding of Industry 4.0, which is based on three main pillars: The historical context, the 

technologies associated with Industry 4.0, and the concept of Industry 4.0. The historical 

context describes the disruptive nature of Industry 4.0 and its potential impact on society based 

on the assumption that Industry 4.0 follows the example of previous industrial revolutions (Lee 

et al., 2018; Morrar and Arman, 2017). Consequently, the term fourth industrial revolution 

should be used to describe the historical dimension of Industry 4.0. As pointed out by Sung 

(2017), the distinction of both terms helps to reduce confusion. However, the technological 

dimension of Industry 4.0 refers to the technologies, such as Big-Data and Cyber-Physical 

Systems, that will be used to achieve the main goals of the concept. The concept of Industry 

4.0, on the other hand, refers to how technologies are used to create an environment for 

businesses in which all entities are connected with each other in order to facilitate decision-

making processes and to become more efficient, responsive and resilient (Kagermann et al., 

2013; Liao et al., 2017; Dalenogare et al., 2018). As stressed by Buer et al. (2018), the lack of 

a clear vision or only having a partial understanding of Industry 4.0 leads to confusion and 

aggravates communication. Furthermore, they argue that particularly companies struggle to 
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understand what Industry 4.0 is as they are often solely focused on technological aspects (Buer 

et al., 2018).  

In light of the above, the present paper particularly refers to the implementation of the 

concept of Industry 4.0 rather than unilaterally focusing on single technologies. In this context, 

the present article proposes the intention of corporations as a key determinant to distinguish 

between these two scenarios. Therefore, companies that intend to implement Industry 4.0 

technologies to solve isolated problems, such as increasing the accuracy of sensor data, are not 

classified as corporations that want to implement Industry 4.0 per se. However, since 

companies that want to implement Industry 4.0 on a broader level also face issues that stem 

from implementing single technologies, both scenarios will be considered in the reviewing 

process. 

2.2.2 The Implementation of Industry 4.0  

As previously stated, the number of companies that get engaged with the transition towards 

Industry 4.0 is constantly rising, a trend that was illustrated by several studies. For example, a 

study conducted by the Staufen AG showed that the number of German companies that did not 

consider the implementation Industry 4.0 decreased from 34% to 9% between 2014 and 2018. 

During the same period, the number of companies that started to initiate Industry 4.0 projects 

increased from 14% to 43% (Staufen AG, 2018). Similarly, Basl (2017) found that 40% of the 

responding Czech companies already started to engage with Industry 4.0 for more than one 

year, while 20% of the participants just started with the transition at the time of the survey. 

However, these numbers only reflect the situations in Germany and Czech, both countries that 

are rated as Industry 4.0 leaders by the World Economic Forum (World Economic Forum, 

2018). Consequently, it is no surprise that studies that targeted a more international audience 

led to different numbers. For instance, the findings of  Morton et al. (2018)  suggest that the 
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number of companies that started to implement Industry 4.0 has yet not reached the 25% mark. 

Similarly, the study of Geissbauer et al. (2018), which counts 1.155 participants from 26 

countries, found that 31% of the participating companies already started to implement Industry 

4.0 related technologies. 

However, the numbers presented so far only include companies that have initiated 

individual Industry 4.0 projects. In contrast, the number of companies that implemented 

Industry 4.0 comprehensively remains low despite the euphoric predictions that have been 

made in recent years. For instance, in 2014, McKinsey predicted that the digitalization of the 

entire vertical and horizontal value chain would reach a degree above 80% within the upcoming 

five years (Koch et al., 2014). On the contrary, the results of the study conducted by the Staufen 

AG show that the number of German companies that take a broader approach towards Industry 

4.0 is still low (9%) four years after the initial prediction (Staufen AG, 2018). A finding that 

goes along with the results of the study published in 2016 by McKinsey, which showed that 

only 40% of the American, German, and Japanese companies that are working on Industry 4.0 

made good progress in further implementing it within one year (McKinsey Digital, 2016). 

These numbers illustrate the overall difficulty of combining individual Industry 4.0 projects to 

one approach that goes beyond the borders of single machines, departments, and factories and 

that are in accordance with the concept of Industry 4.0.   

2.2.3 Systems Thinking and Industry 4.0 

In a number of recent studies, Industry 4.0 environments such as smart factories have been 

characterized as complex environments (Raj et al., 2019; Teixeira de Melo et al., 2019; 

Bonekamp and Sure, 2016; Horváth and Szabó, 2019; Tiacci, 2020). The findings of Jäger et 

al. (2016) further strengthen this characterization by showing that companies assume that future 

challenges will be more complex due to the transition towards Industry 4.0. But what makes 

file:///C:/Users/chris/Box/Literature%20Review_Paper%201/Final-%20Hopefullly/Industrie…%23_CTVL0016bbe386ae86a4f5993e97aaeb4274fbb
file:///C:/Users/chris/Box/Literature%20Review_Paper%201/Final-%20Hopefullly/Industrie…%23_CTVL0016bbe386ae86a4f5993e97aaeb4274fbb
file:///C:/Users/chris/Box/Literature%20Review_Paper%201/Final-%20Hopefullly/Industrie…%23_CTVL0016bbe386ae86a4f5993e97aaeb4274fbb
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Industry 4.0 complex, and how can “Systems Thinking” be applied to manage the 

implementation of Industry 4.0? To answer these questions, the following sections will 

compare the concept of Industry 4.0 with the main characteristics of complex systems and 

further elaborate on how Systems Thinking can help companies, scientists and governmental 

institutions to manage the implementation of Industry 4.0.  

2.2.3.1 The Complexity of Industry 4.0 

Complexity theory is a theory that finds its roots in various scientific disciplines (van Eijnatten, 

2004). Instead of joining the debate about how to unify the different interpretations of the term, 

this work focuses on the various facets of complexity that has been examined and compiled by 

previous studies (Teixeira de Melo et al., 2019; Preiser, 2019; Rousseau, 2019; Dietz et al., 

2020). However, as remarked by Arthur (1999): 

Common to all studies on complexity are systems with multiple elements adapting or reacting 

to the pattern these elements create. 

This ascertainment resonates with the core concept of Industry 4.0 which is, as 

mentioned previously, about connecting all elements within a system in order to make it more 

flexible, resilient and responsive (Kagermann et al., 2013; Wang et al., 2016; Sjödin et al., 

2018). The goal is not limited to the overall system but also to the subsystems that are getting 

more information from the other subsystems they are connected to (Spath et al., 2013). To 

further illustrate why Industry 4.0 increases complexity, Table 1 compares the main 

characteristics of complex systems with the concept of Industry 4.0.  
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Table 1. Comparison between Complexity Characteristics and the concept of Industry 4 (Adapted 

from Raj et al. (2019), Castelo-Branco et al. (2019), Frank et al. (2019), Xu et al. (2018), Norman 

and Kuras (2006), and Yearworth (2020)) 

Complexity 

Characteristics 

Description Industry 4.0 Concept  

Arrangement 

Variety  

An ensemble of elements that 

can be organized in a large 

number of different 

arrangements. However, its 

structure cannot be inferred 

from the behaviour of the 

elements. 

Industry 4.0 technologies are 

designed to be open and compatible 

with other components and systems. 

The arrangement depends on a 

number of factors such as tasks, 

available resources, and the overall 

goal of the system. The open and 

flexible design allows different 

arrangements for solving similar 

problems. 

Open and direct 

Interactions 

Elements directly interact 

with each other in an open 

environment by sharing 

information, energy or 

matter. 

Connecting all elements to encourage 

interaction sits at the core of the 

Industry 4.0 philosophy. Industry 4.0 

systems such as smart factories are 

designed to be open and expandable. 

Changing Identity  Functions of elements can 

change due to pressure from 

other elements or changing 

contexts. 

Industry 4.0 is about making systems 

more flexible by increasing the 

autonomy of each element. Changing 

demand or a faulty machine can, 

therefore, encourage or force other 

elements to adapt. 

Increasing 

Complexity 

The system’s own 

complexity increases over 

time given a continuous input 

of resources. 

The interaction between elements 

continually creates new pieces of 

information that need to be processed 

to lay the foundation for decision 

making and optimization. 

 

While Table 1compares the vision behind Industry 4.0 with the general characteristics 

of complex systems, the embodiment of that vision, namely smart factories, can be viewed 

through a different pair of lenses. A smart factory is designed based on Industry 4.0 principles. 

It can be considered as a “System of Systems” (SoS) as it represents an ensemble of 

autonomous and independent systems that are interacting with each other (Cohen et al., 2019; 

Saniuk et al., 2019; Haseeb et al., 2019). This perspective further sheds light on the complexity 

of Industry 4.0 from a different angle as the underlying assumptions of the field of SoS are 
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focused on the interaction between different systems that form an ensemble that is driven by a 

specific context such as offering specialized services to customers (Gorod et al., 2008; 

Henshaw, 2016; Zhichang, 2007). Since the systems that form the overall context-driven 

system are considered autonomous and independent, the SoS perspective can help to gain a 

better understanding of the complexity that arises from managing them. Conflicting goals, 

different operational priorities, as well as multiple levels of stakeholders, can be considered as 

the main drivers of complexity in a SoS (Gorod et al., 2008; Kinder et al., 2012).  

 

Figure 2. Industry 4.0 Complexities 

Consequently, companies that want to implement Industry 4.0 not only face the 

complexity that is resulting from the new technologies they are integrating into their 

infrastructure, but also from managing the autonomous and independent systems that are 

resulting from this integrational process. What is more, many studies have suggested that the 

complexity of Industry 4.0 technologies and the complexity of managing their interaction lead 

to additional challenges regarding the implementation of Industry 4.0 such as helping 

Implementation 
Complexity

System of Systems 
Management 
Complexity

Technological 
Complexity

•Integrating Industry 4.0 
technologies and principles 
increases the overall complexity of 
processes 

• Different implementation factors, 
as well as the relationship 
between them, result in a more 
complex implementation process

•A Smart Factory is the embodiment 
of Industry 4.0 and can be 
considered as a System of Systems

•Stirring independent systems with 
different goals into a desired 
direction increases complexity

•Connecting all entities increases 
the amount of data that needs to 
be processed in order to improve 
the system's flexibility and 
efficiency

• Grade of autonomy is constantly 
increasing 
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employees to build and to work in complex environment (Freixanet et al., 2020; Hecklau et al., 

2016; Roblek et al., 2016; Raj et al., 2019; Jerman et al., 2019; Jäger et al., 2016). This 

transition towards these complex technologies and processes can be considered as another form 

of complexity that is accompanied by the implementation of Industry 4.0. Therefore, the 

present work refers to three main types of complexity with respect to the transition towards 

Industry 4.0 as illustrated by Figure 2.  

2.2.3.2 A Systems Thinking Perspective  

The previous section brought forward the idea that corporations have to deal with different 

types of complexities with respect to implementing Industry 4.0 in their corporate 

infrastructure. Each of the three types of complexity can be approached with different sets of 

strategies and methodologies. However, before corporations can derive concrete plans and 

actions from the complexity that accompanies the implementation of Industry 4.0, they first 

need to be aware of the forced marriage between them.  As illustrated in the previous section, 

systems that are designed based on Industry 4.0 principles can be considered complex, even 

when technology is left out of the equation. As a result, no matter which understanding 

companies have of Industry 4.0, they have to deal with complexity in one way or another.  

Based on the above, the present work emphasizes the fact that Systems Thinking offers 

an important perspective on Industry 4.0 and its implementation. At first glance, this statement 

seems trivial. However, other authors (e.g., Norman and Kuras (2006), Punzo et al. (2020), 

Ladyman et al. (2013), and Bosch et al. (2013)) have highlighted the relevance of having a 

clear understanding of complexity and its impact on corporate processes. For instance, Kurtz 

and Snowden (2003) developed the Cynefin framework based on the assumption that 

awareness can help decisionmakers to develop new approaches towards “intractable 

problems”. Similarly, Preiser (2019) stresses the importance of the new approaches that stem 
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from the worldview complexity thinking presumes. Applied to the transition towards Industry 

4.0, the empirical knowledge about the important factors alone is not enough considering that 

Industry 4.0 increases complexity. Furthermore, based on the premise that corporations are 

unique in terms of their goals, infrastructures, and characteristics, it can be assumed that the 

significance of the potential factors varies from company to company (Lee et al., 2018; 

Freixanet et al., 2020; Norman and Kuras, 2006). In this regard, the systems thinking 

perspective challenges the view that blueprints for the implementation exist. Instead, it can help 

to take a broader approach towards the relationship between various implementation factors 

and the general complexity of Industry 4.0. The latest version of the Industry 4.0 index (Staufen 

AG and Staufen Digital Neonex GmbH, 2019) further illustrates the need for such a change of 

perspective. Only 8% of the participating companies have taken a holistic approach towards 

Industry 4.0, while the majority of corporations still pursues individual operational projects 

(Staufen AG and Staufen Digital Neonex GmbH, 2019). The present work, thus,  not only 

intends to explore important implementation factors but also promotes the need for a broader 

understanding of the complexity that comes with the realization of the Industry 4.0 concepts 

and the associated technologies. In other words, knowing the factors can be considered as 

necessary as understanding relationship between them as well as understanding the complexity 

that accompanies Industry 4.0.  

2.3 Research Methodology  

Even though Industry 4.0 is still a young topic, a significant amount of scientific work has been 

published since its introduction in the year 2011. The findings of Liao et al. (2017) and 

Schneider (2018) show that the majority of the research is about the evaluation of Industry 4.0 

related technologies. At the same time, a growing number of scientific work starts to focus on 
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the implementation of Industry 4.0. As illustrated in Section 2, those studies already offer first 

insights on how the implementation of Industry 4.0 progresses. Various studies have presented 

different reasons why companies decided for or against an adaptation of Industry 4.0, leading 

to a lack of clarity regarding which factors are relevant. A clarity that is needed to build a solid 

scaffolding for practitioners, scientists, and policymakers to formulate effective strategies and 

policies. In this context, a systematic literature review offers the necessary toolkit to clear the 

view on the overall problem by bringing together and evaluating the findings of all relevant 

sources. Furthermore, the process of identifying, selecting, and analyzing relevant resources 

also helps to unfold potential gaps and contradictions that need to be addressed in future 

investigations (Ressing et al., 2009). Therefore, it is no surprise that other areas of Industry 4.0 

have been covered with a systematic literature review such as the study of Buer et al. (2018), 

who examined the connection between lean manufacturing and Industry 4.0. However, while 

several studies have applied the systematic literature method in the context of Industry 4.0, not 

a single study has explored the factors that are important in the context of implementing it.  

The benefit of systematic literature reviews not just lies in its comprehensive but also 

in its transparent and reproducible nature (Ressing et al., 2009; Tranfield et al., 2003). The 

structure of this method is based on the PRISMA statement by Moher et al. (2015) and has 

been visualized with the PRISMA flowchart that is shown in . It illustrates the process of 

identifying, selecting, and analyzing relevant resources.   

2.3.1 Data collection 

Before starting with the actual collection of references, appropriate search terms, and electronic 

databases had to be selected. It is important that the combination of search terms reflects the 

main objective of this paper. Therefore, a list of general industry 4.0 related search terms has 
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been combined with implementation-specific terms. Table 2 shows the result of this twofold 

approach.  

Table 2. Search terms (Industry 4.0 related AND research objective related) 

Databases Industry 4.0 related terms 

(including plural versions*) 

Research objective related 

terms 

Scopus  

AND 

ProQuest 

AND 

Web of Science 

Industry 4.0 

OR 

Industrie 4.0 

OR 

The fourth industrial revolution 

OR 

The 4th industrial revolution 

OR  

Cyber-Physical System* 

OR 

Cyber-Physical Production System* 

OR 

Smart Factory* 

OR 

Smart Industry* 

OR 

Factory of the future* 

OR 

Integrated industry* 

OR 

Smart industry* 

OR 

Industrial internet 

OR 

Smart Industry* 

OR 

Production 4.0 

Implementation 

OR 

Adaptation 

OR 

Readiness 

 

Industry 4.0 related search terms, on the other hand, have been selected based on the 

findings of Liao et al. (2017), who identified the most frequent words related to Industry 4.0. 

Moreover, the list Industry 4.0 related terms has been extended based on the findings of 

Schneider (2018) and Buer et al. (2018), who also conducted a systematic literature review on 

specific areas within Industry 4.0. On the other hand, the implementation-specific terms have 

been selected based on the findings of Bala and Venkatesh (2015), Lai and Mahapatra (1997), 



 

32 

 

and Erol et al. (2016). The term adaptation was considered due to the socioeconomic 

implications that go along with the expected implementation of industry 4.0. Those 

implications include, for instance, changing job requirements that have to be addressed either 

by companies and the government (Mazali, 2017; Fantini et al., 2018). The term readiness, on 

the other hand, describes the current status of the companies’ ability to adapt to new 

technological environments and shifting markets (Pourabdollahian et al., 2016). Consequently, 

both terms are two sides of the same medal. 

Building on the works of Buer et al. (2018), Roblek et al. (2016), and Liao et al. (2017), 

the databases Scopus, ProQuest and Web of Science were selected since they have returned the 

most results when it comes to industry 4.0 related topics.  

As mentioned previously, the goal of using a systematic literature review method is to 

identify industry 4.0 implementation factors from relevant and reliable sources. In order to 

achieve this goal, inclusion and exclusion criteria have been defined based on the findings of 

Meline (2006); they represent the four main filters the references had to go through (Figure 3).  

After selecting the three primary databases, their general settings were used to return 

book chapters, journal papers, and conference proceedings which were peer-reviewed, written 

in English or German, and not published before the term industry 4.0 was mentioned the first 

time in the year 2011 (Kagermann et al., 2013; Liao et al., 2017). Additionally, eleven 

references from other sources have been added to this list; they are mostly studies from 

governmental institutions or universities that have not been published through scientific 

journals. Secondly, by using the reference manager Endnote, 979 duplicates have been 

removed.  
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Figure 3. The PRISMA flowchart illustrates the systematic reference selection process (Adapted from 

Moher et al. (2015)) 

 

Thirdly, the titles and the abstracts of the 1917 remaining references were screened and 

assessed based on whether they are addressing the implementation of Industry 4.0 associated 

technologies and concepts as they were described in the previous section. Consequently, papers 

that referred to technologies and concepts without addressing their implementation have been 

filtered. In this context, 566 references were removed as they introduced new ways of how to 
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use and optimize Industry 4.0 technologies without addressing their implementation. 790 

references, on the other hand, were removed because they solely introduced and described new 

Industry 4.0 technologies without addressing their implementation. Furthermore, 332 

references were filtered since they presented frameworks of how to design and use certain 

technologies without focusing on their implementation. 59 references were removed due to the 

fact that no industry 4.0 context could be identified. Finally, 246 full-text references were 

collected and reviewed which led to the exclusion of 114 references. They did not identify 

important industry 4.0 factors or were not able to give satisfactory explanations of why factors 

were considered, leaving a total of 62 references for the following analysis. 

It is worth noting that the findings of Maghazei and Netland (2017) offer a plausible 

explanation for the strong technology focus of the field Industry 4.0 by putting current trends 

into a historical context. During the third industrial revolution, science first started with the 

evaluation of advanced manufacturing technologies before addressing implementation related 

subjects due to the corporations´ need for information whether a particular technology is 

suitable for using it in an industrial environment (Pourabdollahian et al., 2016). 

2.3.2 Factor categorization and analysis  

After the initial set of 1031 references was filtered, the remaining papers had to be analyzed in 

order to identify, code and, categorize the factors that either have a positive or negative impact 

on the probability of an industry 4.0 implementation. The program Citavi was used to collect 

the references and to categorize the implementation factors together with the reasoning behind 

the relevance of those factors. As a result, three main categories alongside 14 factors were 

identified (Table 3). This system of classification was chosen for the purpose of showing the 

three main angles from which an industry 4.0 implementation can be observed.  
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The category “external factors” contains all the factors that cannot be influenced by 

single companies. Illustrating this, it is difficult for a single company to determine which IT-

protocol becomes the industry standard or to which extent the government provides funding 

options. However, factors that, on the other hand, can be influenced by single companies have 

been categorized as internal factors such as the decision to consider industry 4.0 on a strategic 

level. Besides external and internal factors, some findings suggested that the characteristics of 

a company, such as the size or the sector the company is operating in, can influence the 

likelihood of an industry 4.0 implementation. Therefore, a third category has been created.  

Table 3. Industry 4.0 implementation factors 

Factors References  

External Factors  

Political Support  Müller et al. (2018a); Li (2017); Infosys (2015); Lin et al. (2018); Deloitte 

Insights (2018); Sung (2017); Odważny et al. (2018); Schumacher et al. 

(2016); Lichtblau et al. (2015); Choi and Choi (2018); Dvouletý et al. (op. 

2017); Feng et al. (2018); Issa et al. (2017); Ślusarczyk (2018); Jäger et al. 

(2016), Natalia Pantielieieva et al. (2018) 

IT- Standardisation and Security Infosys (2015); Sung (2017); Odważny et al. (2018); Lichtblau et al. (2015); 

Müller et al. (2018b); Gökalp et al. (2017); Ahuett-Garza and Kurfess (2018); 

Choi and Choi (2018); Cimini et al. (2017); Feng et al. (2018); Schumacher et 

al. (2016); Abele et al. (2015); Ślusarczyk (2018); Benias and Markopoulos 

(9/23/2017 - 9/25/2017); Benzerga et al. (2018); Jäger et al. (2016); Khan and 

Turowski (2016); Moktadir et al. (2018); Nagy et al. (2018); Philipp 

Autenrieth et al. (2018); Vaidya et al. (2018); Zawadi Chengula et al. (2018) 

Corporate and Institutional 

Cooperation 
 

Müller et al. (2018a);Li (2017); Deloitte Insights (2018); Sung (2017); 

Schumacher et al. (2016); Prudential (2017); Feng et al. (2018); Issa et al. 

(2017); Ślusarczyk (2018); Moica et al. (2018); Natalia Pantielieieva et al. 

(2018); Sjödin et al. (2018); Zawadi Chengula et al. (2018) 

Cost Assessment and Available Funding 

Options 

(2017); Müller et al. (2018a); Li (2017); Sung (2017); Lichtblau et al. (2015); 

Prudential (2017); Schneider (2018); Choi and Choi (2018); Issa et al. (2017); 

Ślusarczyk (2018); Braun et al. (2018); Hamzeh et al. (2018); Jäger et al. 

(2016); Moktadir et al. (2018); Nagy et al. (2018); Sjödin et al. (2018); Vaidya 

et al. (2018); (Ślusarczyk, 2018) 

Available Knowledge and Education Sung (2017); Prudential (2017); Mueller et al. (2017); Schneider (2018); Choi 

and Choi (2018); Cimini et al. (2017); Feng et al. (2018); Schumacher et al. 

(2016); Lichtblau et al. (2015); Ślusarczyk (2018); Cala et al. (2018); Hamzeh 

et al. (2018); Jäger et al. (2016); Khan and Turowski (2016); Moica et al. 

(2018); Nagy et al. (2018) 

Pressure to Adapt  

 
Basl (2017); Lin et al. (2018); Hamidi et al. (2018); Feng et al. (2018); Davies 

et al. (2017); Jäger et al. (2016); Sjödin et al. (2018) 

Internal Factors  
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Perceived Implementation Benefits Basl (2017); Müller et al. (2018a); Infosys (2015); Lin et al. (2018); Deloitte 

Insights (2018); Buer et al. (2018); Kolberg and Zuehlke (2015); Xu et al. 

(2018); Odważny et al. (2018); Samaranayake et al. (2017); Müller et al. 

(2018b); Prudential (2017); Li et al. (2017); Ahuett-Garza and Kurfess 

(2018);Choi and Choi (2018); Feng et al. (2018); Ślusarczyk (2018); Benzerga 

et al. (2018); Fettermann et al. (2018); Hamzeh et al. (2018); Khan and 

Turowski (2016); Moica et al. (2018); Moktadir et al. (2018); Nagy et al. 

(2018); Sjödin et al. (2018) 

Strategic Consideration Basl (2017); Müller et al. (2018a); Lin et al. (2018); Tortorella and Fettermann 

(2017);Buer et al. (2018); Odważny et al. (2018); Schumacher et al. (2016); 

Lichtblau et al. (2015); Erol et al. (2016); Hamidi et al. (2018); Cimini et al. 

(2017); Moica et al. (2018); Moktadir et al. (2018); Nagy et al. (2018); Zawadi 

Chengula et al. (2018) 

IT-Infrastructure Maturity Müller et al. (2018a); Sung (2017); Odważny et al. (2018); Schumacher et al. 

(2016); Lichtblau et al. (2015); Mueller et al. (2017); Chan et al. (2017); Leyh 

et al. (2016);Ahuett-Garza and Kurfess (2018); Segura-Velandia et al. (2016); 

Cala et al. (2018); Hamzeh et al. (2018); Moktadir et al. (2018); Philipp 

Autenrieth et al. (2018); Sjödin et al. (2018); Vaidya et al. (2018); Zawadi 

Chengula et al. (2018); Badri et al. (2018); Bogner et al. (2016) 

Internal Knowledge and Skills 
Development 

Basl (2017); Müller et al. (2018a); Deloitte Insights (2018); Ustundag and 

Cevikcan (2018); Odważny et al. (2018);Schumacher et al. (2016); Lichtblau et 

al. (2015); Hamidi et al. (2018); Prudential (2017); Cimini et al. (2017); 

Infosys (2015); Samaranayake et al. (2017); Ślusarczyk (2018); Braun et al. 

(2018); Issa et al. (2018); Khan and Turowski (2016); Moica et al. (2018); 

Moktadir et al. (2018); Nagy et al. (2018); Palazzeschi et al. (2018); Sjödin et 

al. (2018) 

Lean Manufacturing Experience Tortorella and Fettermann (2017); Ustundag and Cevikcan (2018); Kolberg 

and Zuehlke (2015); Sanders et al. (2016); Chan et al. (2017); Davies et al. 

(2017); Dombrowski et al. (2017) 

Occupational Health and Safety 

 

Badri et al. (2018); Kagermann et al. (2013); Müller et al. (2018b); Ahuett-

Garza and Kurfess (2018); Cala et al. (2018) 

Company Characteristics  

Industry Sector Müller et al. (2018a);Tortorella and Fettermann (2017);Infosys (2015); Buer et 

al. (2018); Lichtblau et al. (2015); Müller et al. (2018b); Lin et al. (2018); 

Carolis et al. (2017); Bogner et al. (2016) 

Company Size Müller et al. (2018a); Tortorella and Fettermann (2017); Lin et al. (2018); 

Lichtblau et al. (2015); Sommer (2015); Braun et al. (2018); Hamzeh et al. 

(2018); Moica et al. (2018); Bogner et al. (2016) 

Note: Some articles are counted more than once because they cover more than one type of issue. 

 

Apart from analyzing which factors can be identified in the current literature, it is also 

important to look at how those factors were identified. The rationale for this is to provide more 

information on who the main contributors to this scientific discourse are. In this context, Table 

4 shows that a significant portion of the listed references used surveys, expert interviews, and 

case studies to assess the relevance of the factors, indicating a healthy and robust connection 
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between the scientific and the corporate world. All of the surveys and expert interviews 

included practitioners and experts from academia.   

Furthermore, the sample also indicates that industry 4.0 gained momentum in the year 

2017. In contrast, publications that were focused on industry 4.0 related technologies, such as 

Big Data, already started to gather pace right after its introduction in the year 2011 (Fosso 

Wamba et al., 2015). As was pointed out earlier, the work of Maghazei and Netland (2017) 

proposes a possible explanation and shows that the focus on technologies is not a new 

phenomenon.  

Table 4. Classification of articles by research approach 

Factors identified through Author 

  
Survey Basl (2017);Tortorella and Fettermann (2017); Infosys (2015); Lin 

et al. (2018);Deloitte Insights (2018); Schumacher et al. (2016); 

Lichtblau et al. (2015); Hamidi et al. (2018); Müller et al. (2018b); 

Prudential (2017); Schneider (2018); Choi and Choi (2018); Braun 

et al. (2018); Hamzeh et al. (2018); Jäger et al. (2016); Khan and 

Turowski (2016);  

Literature Review Li (2017); Ustundag and Cevikcan (2018); Buer et al. (2018); 

Kolberg and Zuehlke (2015); Sanders et al. (2016); Sung (2017); 

Xu et al. (2018); Odważny et al. (2018); Samaranayake et al. 

(2017); Mueller et al. (2017); Li et al. (2017); Gökalp et al. 

(2017); Leyh et al. (2016); Sommer (2015); Ahuett-Garza and 

Kurfess (2018); Cimini et al. (2017); Dvouletý et al. (op. 2017); 

Feng et al. (2018); Abele et al. (2015); Braun et al. (2018); Cala et 

al. (2018); Dombrowski et al. (2017); Fettermann et al. (2018); 

Khan and Turowski (2016); Moktadir et al. (2018); Natalia 

Pantielieieva et al. (2018); Palazzeschi et al. (2018); Philipp 

Autenrieth et al. (2018); Vaidya et al. (2018); Badri et al. (2018); 

Cala et al. (2018) 

Expert Interview  Schumacher et al. (2016); Lichtblau et al. (2015); Issa et al. 

(2018); Carolis et al. (2017); Khan and Turowski (2016); 

Moktadir et al. (2018); Zawadi Chengula et al. (2018) 
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Case Study (Müller et al., 2018a); Chan et al. (2017); Segura-Velandia et al. 

(2016) ; Issa et al. (2017); Issa et al. (2018); Moica et al. (2018); 

Philipp Autenrieth et al. (2018); Sjödin et al. (2018) 

Note: Some articles are counted more than once because they cover more than one type of issue. 

2.4 Discussion of the Identified Factors 

This section is divided into three main parts, each of which presents the results relating to one 

of the three presented implementation categories. Furthermore, each identified factor (Table 5) 

within a category will be discussed. The purpose of this approach is to present a comprehensive 

overview of the factors that have been identified within the systematic literature review by 

giving more details about why the identified factors are considered relevant. In addition, 

conflicting findings will be highlighted in order to identify potential research gaps that need to 

be addressed in the future. 

 

Table 5. Summary of the Implementation Factors 

# FACTORS FURTHER DETAILS 
1  Political Support E.g., setting legal boundaries and achieving a wider broadband 

deployment. 
2 IT-Standardization and Security E.g., data security, and standardization of communication 

protocols. 
3 Corporate and Institutional 

Cooperation 

E.g., cooperation between companies and universities. 

4 Cost Assessment and Available 

Funding Options 

E.g., in order to overcome financial barriers. 

5 Available Knowledge and Education E.g., role models, methods, use cases, and frameworks. 
6 Pressure to Adapt E.g., maintaining the competitive edge and external pressure 

from customers. 
7 Perceived Implementation Benefits E.g., Increasing operational flexibility and efficiency. 
8 Strategic Consideration  E.g., having a dedicated industry 4.0 strategy. 
9 IT-Infrastructure Maturity E.g., having an open and flexible IT-infrastructure that 

facilitates the integration of new technologies. 
10 Internal Knowledge and Skills 

Development 

E.g., internal promotion of skills that are related to the transition 

towards industry 4.0. 
11 Lean Manufacturing Experience Lean Manufacturing experience might increase the probability 

of a thriving Industry 4.0 implementation. 
12 Occupational Health and Safety Implementing Industry 4.0 might increase the risks related to 

occupational health and safety. 
13 Industry Sector Some industry sectors might be more likely to implement 

Industry 4.0. 
14 Company Size The size of a corporation might have an impact on the 

implementation of Industry 4.0 
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2.4.1 External Factors  

2.4.1.1 Political Support   

The analysis of the relevant papers has shown that all authors who mentioned the factor 

political support emphasized the importance of the government as an enabler of the 

implementation of Industry 4.0. Both scientists and practitioners together drew a homogeneous 

picture of a government that has a substantial impact on the fourth industrial revolution.  

The field of responsibilities of political institutions is wide and complex. Therefore it 

is not surprising that the factor political support turned out to have the most interrelation with 

other factors. For instance, when it comes to the available funding options in a country, 

governments can represent a reliable source for financial support. Coupled with other measures 

like reducing taxes for industry 4.0 related research, political institutions can help to overcome 

financial barriers that slow down the transitional process towards industry 4.0 as the studies of 

Choi and Choi (2018), and Prudential (2017) have illustrated. However, besides facilitating 

funding related issues, there is also a consensus that political institutions are responsible for 

creating an appropriate environment for companies intending to be engaged in the transitional 

process. This includes setting legal boundaries that rather have supporting opposed to limiting 

effects, achieving a wider broadband deployment, and creating a social system that is capable 

to deal with the fourth industrial revolution in terms of education (Sung, 2017; Infosys, 2015; 

Feng et al., 2018; Ashrafi and Kuilboer, 2018; Krempel and Beyerer, 2018; Natalia 

Pantielieieva et al., 2018).  

2.4.1.2 IT-Standardization and Security 

Similar to the factor political support, the authors who identified IT-standardization and 

security considered it as one of the biggest challenges regarding the implementation of industry 



 

40 

 

4.0. The rationale for this lies in the main goal of industry 4.0 itself. As was pointed out in the 

introduction to this paper, connecting all entities within a company requires the use of certain 

key technologies like big data or cloud computing. Using these novel technologies increases 

the amount of data that will be shared, collected and processed and therefore also increases the 

overall vulnerability of the systems that are managing the data (Goel and Chen, 2008; Akter et 

al., 2016; Khan and Turowski, 2016; Philipp Autenrieth et al., 2018). In a study that set out to 

determine what the main drivers of the implementation of industry 4.0 are, Müller et al. (2018b) 

identified data security concerns as one of the main obstacles in terms of adapting industry 4.0. 

Along the same line, Odważny et al. (2018) and Jäger et al. (2016) argue that securing and 

managing data inappropriately could result in system crashes that lead a whole production stop. 

However, besides security concerns, companies are also struggling with the lack of 

standardization of new technologies, laws, and communication protocols (Abele et al., 2015). 

Not only that the lack of standardization makes the implementation of industry 4.0 technologies 

more difficult from a technological standpoint, but it also forces companies to take financial 

risks related to the acquisitions of industry 4.0 assets (Infosys, 2015; Pourabdollahian et al., 

2016; Vaidya et al., 2018). Since it is not sure whether the acquired systems will be compatible 

with other systems in the near future, companies have to deal with an additional amount of 

uncertainty. Reducing those asset acquisition-related uncertainties in the context of 

standardization is therefore considered as one of the most important measures to take in order 

to accelerate the implementation of industry 4.0.  

2.4.1.3 Corporate and Institutional Cooperation  

During the analysis, several studies have reported the need for more cooperation between 

companies, universities and governments to address industry 4.0 related implementation 

problems (Natalia Pantielieieva et al., 2018; Moica et al., 2018; Sjödin et al., 2018; Zawadi 
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Chengula et al., 2018). Companies are at the center of the implementation of industry 4.0; 

however, as the analysis of the references has shown, there is a set of factors beyond their 

influence. For instance, in a survey that was conducted by Prudential (2017),  36% of the 

participants stated that cooperation with industry partners is crucial in order to address the skill 

gap that is caused by the fourth industrial revolution. Also, 27% of the participants mentioned 

collaboration with the educational sector as an important approach to deal with the challenge. 

A broadly similar point has also recently been made by Feng et al. (2018), who proposed the 

German vocational education system as a potential role model for other countries.  

Another significant aspect of cooperation in the context of industry 4.0 was identified 

by Issa et al. (2017) and Müller et al. (2018a). By sharing resources and building collaborations 

with other companies, SMEs can decrease the overall risks that come with developing, testing, 

and producing new technologies and products. Compared to larger corporations, SMEs 

struggle more with those activities since they require additional financial and human resources.  

In this context, Issa et al. (2017) promote the initiative I4KMU, a project that facilitates and 

encourages cooperation between SMEs and test environments by establishing an online 

matching system based on the characteristics and needs of the companies to outbalance the 

distinctive disadvantages of SMEs. 

2.4.1.4 Cost Assessment and Available Funding Options  

The implementation of new technologies poses a massive challenge for many companies. The 

analysis of the selected references shows that industry 4.0 technologies are no exception and 

that companies are facing two main issues in this regard.  

Firstly, financial constraints combined with the high cost of industry 4.0 associated 

technologies and systems build a strong barrier for companies that want to be engaged with 
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industry 4.0 (Ślusarczyk, 2018; Pourabdollahian et al., 2016; Vaidya et al., 2018). The findings 

of Prudential (2017) illustrate this aspect by showing that 31% of the participants in their survey 

reported high costs of implementation to be the main source of their hesitation. Other authors 

such as Sung (2017) or Odważny et al. (2018) note that particularly the complexity of industry 

4.0 infrastructures, as well as the difficulties to maintain security standards during the 

transformation, are leading to increased financial efforts.   

Secondly, due to the complexity of industry 4.0 technologies, companies are also facing 

difficulties when they want to assess the profitability of their future investments. Schneider 

(2018) argues that the non-linear nature of transformation towards industry 4.0 and the fact that 

new business opportunities might result from the investment along the line are responsible for 

the underlying uncertainty linked to industry 4.0. However, studies indicate that companies 

that were able to deal with the uncertainty and that started with the implementation of industry 

4.0 still faced financial issues. In this context, Lichtblau et al. (2015) reported that more than 

63,4% of the companies that are aware of the uncertainty of industry 4.0 claimed that high costs 

are stopping them from going further with their industry 4.0 engagement. The study of Choi 

and Choi (2018) came to a similar result. Out of 140 SMEs who gained positive experiences 

by implementing industry 4.0, 102 claimed that financial barriers kept them from reaching 

higher levels of Industry 4.0 maturity.  

As the findings of Pourabdollahian et al. (2016) suggest, these funding related issues in 

the context of new technologies are not a new problem as they also played a major role during 

the third industrial revolution. However, how to address these old issues in a new industry 4.0 

context remains to be answered.  
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2.4.1.5 Available Knowledge and Education 

As previously stated, the ability to evaluate industry 4.0 related investments is crucial to 

companies. In this context, use cases, methodologies, frameworks, and role models are 

important sources of information upon which companies can build solid decisions (Mueller et 

al., 2017; Schneider, 2018; Cimini et al., 2017). However, use cases are usually tailored to the 

individual needs and visions of a corporation, which therefore makes it difficult to transfer the 

gathered knowledge to other companies. Furthermore, due to the innovative character of 

industry 4.0, the number of existing role models and use cases is still limited. Thus, the 

development of implementation methodologies and frameworks should address these issues by 

considering a larger audience. However, other findings suggest that companies are not only 

struggling with finding suitable sources of information but also with recruiting a workforce 

that processes the necessary knowledge (Ślusarczyk, 2018; Khan and Turowski, 2016).  Within 

their study, Choi and Choi (2018) found that the lack of industry 4.0 experts has a negative 

impact on the ability to implement industry 4.0. The study of Prudential (2017) came to similar 

results and showed that companies are concerned about the effects of a transition towards 

industry 4.0 on recruiting skilled employees. To address this issue, Feng et al. (2018) suggest 

that investments in education and R&D should be increased by the government and 

corporations.   

2.4.1.6 Pressure to Adapt   

In a changing environment, the ability to adapt to new developments is important in terms of 

either maintaining or gaining a completive edge (Liu et al., 2018; Davies et al., 2017). 

However, the analysis of the literature indicates that external pressure not only forces but also 

prevents corporations from implementing industry 4.0. What first seems counterintuitive can 

be explained with the help of the findings of  Deloitte Insights (2018). In their survey, 
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participants expressed concerns about investing in long-term projects like the implementation 

of industry 4.0 since their strategies are mostly focused on delivering financial results in the 

short term. In the same vein, Davies et al. (2017) state that the negligence of future customers’ 

needs is often the result of a too strong focus on current mainstream customers. In contrast, the 

findings of Lin et al. (2018) and Hamidi et al. (2018) illustrate that external pressure can also 

have positive effects on the implementation of industry 4.0. Especially the general need to 

remain competitive, which can be intensified by factors such as customers’ demand or building 

infrastructures that allow cooperation, was identified as a driver for the implementation of 

industry 4.0 technologies. Together these results provide interesting insights into how external 

sources can cause conflicts in the decision-making of organizations.  

2.4.2 Internal Factors 

2.4.2.1 Perceived Implementation Benefits 

The factor perceived implementation benefits revolves around the question of why companies 

actively want to implement Industry 4.0. Throughout the analysis of the literature, various 

answers that provide a better understanding of the hopes that are connected to industry 4.0 have 

been given. In their study, Lin et al. (2018) were able to confirm their hypothesis that perceived 

benefits have a positive impact on the usage of industry 4.0 technologies. In fact, perceived 

benefits turned out to be the most significant factor, a less than surprising result. However, the 

more interesting perspective literature has to offer in that regard are the reasons to adapt 

themselves.  

While some studies have shown that corporations particularly want to increase their 

profits or their operational efficiency and flexibility (Sishi and Telukdarie, 2017; Ahuett-Garza 

and Kurfess, 2018), other studies have offered a more diverse picture. In this context, the 

findings of Müller et al. (2018b) drew a distinction between benefits that are related to 
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operational, strategic, environmental, and social opportunities. Depending on individual 

characteristics like the goals of a company or the sector they are operating in, the purpose and 

therefore, the perceived benefits might change, further illustrating the individual nature of this 

factor. In this context, the findings of Kolberg and Zuehlke (2015) and Wagner et al. (2017) 

represent another useful example. They suggest that industry 4.0 can enable and improve lean 

principles, which makes the implementation of Industry 4.0 more likely for companies that 

intend to implement or to improve lean manufacturing. This view is supported by Tortorella 

and Fettermann (2017), whose results show that companies with lean manufacturing 

experience are more likely to implement industry 4.0. However, these data must be interpreted 

with caution because further investigations are required in order to rule out the influence of 

other factors. Therefore, shedding light on this factor can prevent corporations from making 

dangerous decisions.   

2.4.2.2 Strategic Consideration 

As explained earlier and as the number of potential factors indicates, companies who want to 

implement industry 4.0 have to deal with many obstacles. The process of developing a strategy 

can help to identify those potential hurdles and to overcome them. Therefore, it is no surprise 

that a number of authors stressed the importance of addressing the implementation of industry 

4.0 on a strategical level (Moica et al., 2018). In this context, the findings of Tortorella and 

Fettermann (2017) suggest, the lack of a dedicated strategy leads to misunderstandings and 

wrong expectations towards the overall concept of industry 4.0. This aspect became apparent 

when some participants of their survey who have not perceived an increase in their operational 

performance during the last three years and who had a low level of industry 4.0 implementation, 

still claimed that they already have widely implemented it. Because of these contradictory 

claims, the authors concluded that this particular group of participants misunderstood and/or 
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misused the concepts and technologies associated with industry 4.0. To address this problem, 

the authors of the study suggested that aligning a dedicated industry 4.0 strategy with the 

overall corporate strategy can prevent companies from having a flawed understanding of the 

underlying concepts and dynamics. A suggestion that also has been made by Erol et al. (2016), 

who advise companies to choose a broad strategical approach towards industry 4.0 rather than 

only considering technological aspects for isolated environments.  

When it comes to the question of how companies perceive the importance of an Industry 

4.0 strategy, the findings of Hamidi et al. (2018) show that companies also consider strategy 

as an essential factor. In contrast, the study of Lichtblau et al. (2015) reported that 40% of the 

participants did not have a dedicated industry 4.0 strategy, while 20% were still developing 

one.  

The main questions raised by the presented findings are how important the factor 

strategic consideration is compared to other factors and which building blocks are essential for 

developing a successful Industry 4.0 strategy.  

2.4.2.3 IT-Infrastructure Maturity 

As indicated previously, technologies such as cloud computing, machine learning, and big data 

are not just characterized by their ability to process and interpret immense amounts of data in 

real-time, but also by their complexity itself. In this context, the meaning behind IT-maturity 

refers to the companies’ ability to manage the emerging complexity caused by industry 4.0 

associated technologies. On this basis, the findings of Samaranayake et al. (2017) show that 

this ability is the sum of a number of factors such as the skills and the knowledge of employees, 

the compatibility of currently used technologies, and the stability of the internet connection. 

Similarly, Lichtblau et al. (2015) presented different ways of how companies can prepare 

themselves for the transition towards industry 4.0. Depending on their existing experience and 
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IT-infrastructure as well as on which technologies they intend to use, different solutions have 

been proposed.  

Another important aspect of IT-maturity can be inferred from the findings of Chan et 

al. (2017). In their case study about simulating lean manufacturing and industry 4.0 processes, 

the companies’ IT-infrastructure turned out to be the limiting factor regarding collecting data. 

Consequently, the authors concluded that a more advanced infrastructure would allow more 

accurate simulations and process optimizations, further illustrating the importance and the 

evolutionary nature of IT-infrastructures. Similarly, other authors argued that IT-maturity is an 

ongoing process and that the more flexible and the more open an IT-infrastructure is, the fewer 

issues companies will face while implementing industry 4.0 technologies (Xu et al., 2018; 

Sung, 2017). 

Overall, the analysis of the literature shows that IT-maturity has been recognized as one 

of the most important challenges regarding the implementation of industry 4.0. This view is 

shared by all authors who were listed under this factor. Nonetheless, the question of how 

important IT-maturity is compared to other factors remains to be answered.  

2.4.2.4 Internal Knowledge and Skills Development 

The history of industrial revolutions shows that with each milestone, not only markets were 

disrupted but also the skills that were required to produce and to deliver goods for those new 

markets. Therefore, it is hardly a surprise that even international institutions like the OECD or 

the World Economic Forum assume that skill requirements will change as a result of industry 

4.0 (Ustundag and Cevikcan, 2018; Sung, 2017). In this context, the factor skills and 

knowledge refers to the efforts made by a company to address the aforementioned disruptive 

process by promoting industry 4.0 related skills and knowledge.  
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As the analysis of the literature shows, some authors have already started to identify 

important skills that should be promoted by the corporate world in order to be prepared for the 

transition towards industry 4.0. While the findings of Deloitte Insights (2018) are suggesting 

that companies do not think that industry 4.0 will have a significant impact on their workforce, 

other studies demonstrated the overall importance of the topic for corporations (Lichtblau et 

al., 2015; Hamidi et al., 2018; Prudential, 2017).  

Based on the assumption that the level of automation and the use of smart devices, as 

well as advanced IT-systems, will increase, specific skills become more important. Amongst 

others, these skills include working across organizational boundaries and the ability to interact 

with complex systems, as shown by the findings of Prudential (2017). Furthermore, Ustundag 

and Cevikcan (2018) believe that due to fast-changing business environments, cultural skills 

will gain more importance over time. 

When it comes to general knowledge about industry 4.0, companies show a high 

awareness. However, as the findings of Basl (2017) and Müller et al. (2018a) indicate, this 

knowledge is unequally distributed among the workforces of corporations. Particularly 

managers showed a higher degree of basic knowledge compared to the rest of the workforce. 

Likewise, the findings of Hamidi et al. (2018; Issa et al., 2017; Zawadi Chengula et al., 2018) 

maintain that there is a lack of knowledge of industry 4.0 among employees despite having a 

large set of skills. Whether this disequilibrium has the potential to curb the transition towards 

industry 4.0 and whether a more balanced distribution has positive effects remains to be 

answered.  



 

49 

 

2.4.2.5 Lean Manufacturing Experience 

The analysis of the literature shows that there is a consensus among scientists regarding the 

compatibility of industry 4.0 and lean manufacturing. This compatibility is mainly based on 

the shared objectives of increasing the overall flexibility and productivity of a company (Buer 

et al., 2018; Kolberg and Zuehlke, 2015). Additionally, both philosophies prefer decentralized 

structures over large and complex systems (Krafcik, 1988; Santos et al., 2017). A study to set 

out the interdependencies and correlations between the two approaches by analysing 260 

Industry 4.0 use cases, further illustrated their compatibility by showing how certain Lean 

Manufacturing principles such as the zero-waste principle correlate with the application of 

Industry 4.0 technologies (Dombrowski et al., 2017). 

Besides their compatibility, recent studies suggest that not only lean manufacturing can 

be improved with industry 4.0 but also that industry 4.0 can be improved with lean 

manufacturing (Buer et al., 2018; Tortorella and Fettermann, 2017; Karre et al., 2017). This 

dynamic relationship is further exemplified in studies focusing on implementing Industry 4.0 

into lean manufacturing environments. For instance, Sanders et al. (2016) and Kolberg and 

Zuehlke (2015) argue that the implementation of industry 4.0 can help companies to achieve 

higher levels of lean manufacturing due to the potential of Industry 4.0 technologies and the 

goals both philosophies share.  

As a result of the dynamic relationship between Industry4.0 and lean manufacturing, 

the question arises whether companies who are applying or intending to apply lean principles 

are also more likely to implement industry 4.0. This question formed the central focus of a 

study by Tortorella and Fettermann (2017) in which the authors found evidence that supports 

the argument that lean manufacturing experience leads to a higher probability of implementing 

industry 4.0. However, this particularly applied to companies that were able to gather 
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experience with lean manufacturing for more than two years. Furthermore, since the study was 

conducted in one country and did not consider the influence of industry sectors, more research 

needs to be done to understand the dynamic between lean manufacturing experience and the 

implementation of industry 4.0.  

2.4.2.6 Occupational Health and Safety 

The analysis of the literature has also shown that the implementation of those technologies can 

jeopardize the overall working safety and, as a consequence, potentially decrease the 

probability of implementing Industry 4.0. In this context, Badri et al. (2018) stressed the 

importance of the potential risk that is linked to the implementation of Industry 4.0 technologies 

and further argued that the topic deserves more academic attention as it represents only a small 

fraction of the overall research.  

The analysis of the literature shows further that the risks involved in implementing 

Industry 4.0 can either be physical and psychological nature. While, for instance, an increased 

use of robots can also increase the risks of potential accidents, psychological risks are, among 

other things, referred to the anxiety of losing one’s job, to the lack of trust in recently 

implemented systems, and to the transparency of data (Badri et al., 2018; Müller et al., 2018b; 

Bauernhansl et al., op. 2014).  

Industry 4.0 has the potential to accelerate the change of work organization towards a 

more complex work environment (Badri et al., 2018). Therefore, it is crucial to consider the 

potential risks regarding occupational health and safety before developing or implementing 

new technologies. As Bauernhansl et al. (op. 2014) pointed out, subsequent adjustments can 

lead to high costs or even can become unfeasible. Furthermore, it is important to address 

potential psychological risks by creating working environments that offer employees emotional 

and behavioural support (Ahuett-Garza and Kurfess, 2018; Cala et al.). However, the question 
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that remains is whether risks related to occupational health and security play a significant role 

in the decision making of enterprises with the intention to implement Industry 4.0.  

2.4.3 Company Characteristics  

As the review of the literature revealed, besides internal and external factors, the size of the 

company and the sector the company is mainly operating in can have an impact on the 

probability of implementing industry 4.0 as well. Policymakers can make use of this knowledge 

in order to increase the efficiency of their industry 4.0 strategies by addressing the specific 

corporate infrastructure of their countries or by addressing the specific needs of certain industry 

sectors. 

2.4.3.1 Industry Sector  

Recent research suggests that the sector companies are operating in has an impact on the 

probability of whether they will implement industry 4.0 (Buer et al., 2018; Infosys, 2015). In 

their investigation into what drives the implementation of industry 4.0, Müller et al. (2018b) 

were able to illustrate this connection. They found that depending on the sector, companies 

claimed to face different implementation challenges and opportunities. From this result, it can 

be derived that depending on the industry sector, some companies might face more challenges 

than others. In this context, the findings of Buer et al. (2018) and Müller et al. (2018a) show 

that particularly repetitive and highly automated production environments are suitable for the 

integration of industry 4.0 technologies and concepts. However, more research is necessary to 

illustrate the differences between sectors in terms of the implementation of industry 4.0. 

Furthermore, it is not clear how important this factor is compared to other factors. 

2.4.3.2 Company Size  

Does the size of the company have an impact on the probability of whether it will implement 

industry 4.0? The analysis of the literature offers no clear answer to this question. While some 
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authors were able to demonstrate the correlation between the size of a company and the 

readiness of implementing industry 4.0, other authors were not able to confirm this hypothesis. 

Therefore, there is conflicting evidence on the relationship between the two factors. 

In his examination of companies’ ability to meet the challenges associated with industry 

4.0, Sommer (2015) has illustrated that this ability strongly depends on the size of companies. 

Similarly,  Lichtblau et al. (2015) have found that the industry 4.0 readiness of a corporation 

correlates with its size and that larger companies are showing higher readiness levels. In both 

studies, it is stated that industry 4.0 is particularly challenging for smaller companies due to 

various reasons, such as the lack of resources. In this regard, Müller et al. (2018a), Braun et al. 

(2018), and Hamzeh et al. (2018) argue that this lack of resources impedes smaller firms from 

identifying future opportunities as they are more forced to focus on their daily business.  

However, the findings of Lin et al. (2018), Bogner et al. (2016), and Tortorella and Fettermann 

(2017) were not able to confirm the assumptions that can be derived from the findings above. 

In both studies, the size of a company had no significant impact on the implementation of 

Industry 4.0. Nonetheless, these findings are not offering a final answer to the question posed 

at the beginning. Both studies shared limitations that have to be addressed in the future, such 

as the limited number of sectors and countries that were involved in the studies.  

2.5 Conclusions  

This paper presents the first comprehensive set of potential factors that need to be considered 

when it comes to the implementation of industry 4.0. The main aim of this examination was to 

build a bridge between the existing knowledge in order to contribute to and to stimulate further 

the scientific discussion about the difficulties that revolve around the implementation of 

industry 4.0. In contrast to other studies that approached this topic from the readiness 



 

53 

 

perspective or that tried to focus on certain factors, the present study intended to use a more 

extensive approach by combining previous findings and stressing the importance of the systems 

thinking perspective. As a result, the systematic literature review revealed and discussed 

several gaps that need to be addressed in future examinations.  

However, the findings also clearly indicate that organizations that decide to integrate 

concepts and technologies associated with the fourth industrial revolution face a number of 

issues that not always can be addressed by corporations themselves. Since society is benefiting 

from a prospering economy, it is of common interest of scientists, practitioners, and 

governmental institutions to address the presented issues and to keep a vital conversation alive. 

Furthermore, this literature review also strengthens the idea that the identified factors are 

interrelated in a complex manner and that some factors might be more important than others. 

For instance, the analysis of the literature has shown that particularly governmental institutions 

are perceived as important in the context of solving industry 4.0 related issues that can also be 

the result of other identified factors. However, the importance of the presented factors cannot 

be derived from the number of publications they have been addressed in. Therefore, future 

investigations are necessary in order to assess the importance of each factor in different 

environments as proposed by several authors such as  Müller et al. (2018b), Frank et al. (2019), 

and Tortorella and Fettermann (2017).  

2.5.1 Implications 

Throughout the literature review, a set of potential implementation factors has been identified 

and discussed. From these findings, several implications emerged. First, an understanding of 

Industry 4.0 is crucial, as misconceptions and wrong expectations can have a negative impact 

on the transitional process. As described in section 2, Industry 4.0 is more than the sum of 

technologies associated with it. Therefore, corporations should consider developing a strategy 
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that helps them to understand all the important aspects of Industry 4.0. This strategy should not 

be focused on individual projects but rather aligned with the main strategy of the corporation. 

In this context, systems thinking has been introduced as a new perspective that can help 

companies to understand the complexity that arises from Industry 4.0. However, some findings 

suggest that knowledge about Industry 4.0 is distributed unevenly within corporations (Hamidi 

et al., 2018; Issa et al., 2017). This disequilibrium has the potential to divide workforces; 

consequently, resulting fears must be taken seriously and addressed by the management. 

Governments and scientists, on the other hand, can support this process of addressing the 

knowledge gap by further promoting a broader understanding of Industry 4.0. While case 

studies and use cases can give organizations an idea about what can be expected from Industry 

4.0, governments can support programs that raise the awareness of the topic. Secondly, 

cooperation can help to accelerate the development of standards and to decrease the financial 

uncertainty that is associated with Industry 4.0. In this regard, the compatibility of future 

technologies with current IT-infrastructures is one of the major concerns. Assessing which 

communication protocols are efficient, safe, and within the scope of a legal framework that 

will provide data security is a task that cannot be handled by single companies. Therefore, the 

exchange of information between corporations, science, and governments is crucial. As 

mentioned in the previous section, financial uncertainty, however, not only results from lacking 

standards but also developing and testing new systems and business models. In this context, 

the project I4KMU was mentioned as an excellent example of creating a platform that 

encourages companies to work on these issues together in order to decrease the overall 

uncertainty. As a consequence, managers are advised to cooperate not only with other 

companies but also with governmental institutions and scientists. Another promising approach 

to decrease financial risks connected to industry 4.0 is to consider safety as an integral part of 
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the development and implementation of new systems. It is important to understand the potential 

impact of new technologies on the overall safety as addressing those aspects afterward imply 

high expenditures. Thirdly, the findings suggest that certain types of experiences can support 

the transition towards Industry 4.0. This is particularly true for the lean manufacturing 

experience. Promoting the similarities between the Industry 4.0 concept and lean 

manufacturing can, therefore, encourage companies to make use of their existing knowledge. 

Finally, the role of the government is essential in the context of Industry 4.0. From 

infrastructure to education, to economic alleviations, to cooperation, the findings indicate that 

governmental institutions can set the boundaries for an environment that increases the 

probability of a successful implementation of Industry 4.0.  

2.5.2 Limitations and Future Research 

Before discussing the main findings of this paper, a number of important limitations need to be 

considered. First, Industry 4.0 is still a young topic, and as the findings of Maghazei and 

Netland (2017) have suggested, the main focus of science is still on assessing the capabilities 

of industry 4.0 technologies rather than on how to implement them, leading to a still small body 

of available literature. Secondly, this study is limited by the references that were selected from 

three scientific databases. Therefore, relevant findings might have been overseen.  

In order to fortify the foundation on which future research can be constructed, not only 

the identification of further factors but also the examination of the dynamic relationship 

between the different factors with the help of systems thinking becomes vital. While the 

systems perspective has been proposed to gather a more realistic view on these dynamics, the 

questions when, why, and in which environment a certain factor becomes important still need 

to be answered before more efficient implementation strategies can be developed. In this 

regard, the present study strengthens the idea that the stage of the transition, as well as the 
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sector and the size of the corporation, affect the importance of certain factors (Müller et al., 

2018b; Frank et al., 2019; Tortorella and Fettermann, 2017). Future studies, therefore, should 

compare the importance of the identified factors in different industry sectors while considering 

the individual stage of the transition as well as the size of the corporations. This would further 

allow developing frameworks that address the specific needs of corporations that exhibit 

individual characteristics.  

However, the review of the literature also revealed that not only the dynamics between 

and around the factors are important, but also that the factors themselves should be in the focus 

of scientific investigations. While all authors listed under a particular factor agreed upon its 

importance, the reasoning behind its importance varied, as illustrated with contradictory 

findings regarding the size of corporations. Practitioners, scientists, and governments are all 

working with limited resources that force them to build priorities since not all issues can be 

addressed at the same time with the same amount of attention. Therefore, evaluating industry 

4.0 implementation factors in more detail not only allows organizations to build priorities 

between factors but also between different measures that are associated  with those factors.  
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Abstract 

Today, productive processes are being prepared for what has been coined the Fourth 

Industrial Revolution. Industry 4.0 development seeks to achieve a high level of 

operational efficiency, productivity, and automation of production systems in the way it 

facilitates processes to improve operational flexibility and in turn cater for the ongoing 

growth of customer’s demands. However, despite the existence of a common objective, 

the literature does not present a consensus on how this transformation process should be 

approached. In order to shed more light on this shortfall, this study sets out to examine 

the key factors that have an impact on the implementation of Industry 4.0. Based on a 

previous systematic literature review, this article aims to evaluate and identify the main 

contributing factors for successful Industry 4.0 transition and how managers can adopt 

them. Evidence for this research is presented through a convergent parallel mixed-

methods study based on a survey of 140 participants and 16 semi-structured interviews 

with Industry 4.0 experts. The results indicate that there are five key factors for managers 

to consider when leading the transition towards Industry 4.0: perceived benefits, strategic 

consideration, IT-standardisation and security, available knowledge and education, and 

inter-institutional cooperation.  
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3.1 Introduction 

In 2011, the German National Society of Science and Engineering marked the beginning of the 

Fourth Industrial Revolution, also referred to as Industry 4.0; a concept that defines Industry 

4.0 as a process of creating smart manufacturing environments in which decentralised decision-

making processes take place in real time (Kagermann et al.; Lee et al. 2018). Based on the idea 

that modern technologies will successively increase the level of autonomy of machines, tools, 

and other devices, these smart environments are designed to complete operational tasks more 

efficiently while being more resilient and flexible (Wang et al. 2016; Cimini et al. 2017). 

Therefore, adapting the Industry 4.0 concept will change the way data are collected, processed 

and ultimately used to form operational decisions. However, implementing and purposefully 

using technologies such as Artificial Intelligence (AI), Internet of Things (IoT), and Cyber-

Physical Systems (CPS) while managing the operations of the traditional day-to-day business 

represents an additional burden for managers. Recent evidence suggests that companies, 

particularly in manufacturing, struggle with implementing Industry 4.0 (Fromhold-Eisebith et 

al. 2021; Müller, Kiel, Voigt 2018; Horváth and Szabó 2019; Raj et al. 2019). For example, the 

most recent release of the German Industry 4.0 Index shows that while the number of 

companies implementing Industry 4.0 on an operational level increased from 31% to 48% in 

four years, only 8% applied a comprehensive operational approach (Staufen AG and Staufen 

Digital Neonex GmbH 2019). In other words, most companies working on the transition 

towards Industry 4.0 approach it with isolated projects and thereby do not draw on its full 

potential—an ongoing trend since its inception. As a result, despite feeling the growing 

pressure to adapt, the vast majority of corporations has either not yet embarked upon the 

transition towards Industry 4.0 or is struggling to move forward to a comprehensive 

implementation (Staufen AG and Staufen Digital Neonex GmbH 2019; McKinsey 2018; MPI 
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Group 2020). 

In light of these and similar findings, a number of researchers have stressed the 

importance of systematically exploring the transition towards Industry 4.0 and then provide 

companies with guidance on how to do so successfully (Müller, Kiel, Voigt 2018; Horváth and 

Szabó 2019; Castelo-Branco et al. 2019). Responding to this call for further research, our 

previous study set out to systematically identify and synthesise the Industry 4.0 implementation 

factors that have already been discussed in the literature. In that study, we identified and 

discussed a set of 14 potential implementation factors (Hoyer et al. 2020).  In this study, we 

have extended our research by exploring how these factors are perceived by Industry 4.0 

experts and practitioners who already worked on its implementation. Their views and 

experiences are of great value as these can aid the overall understanding and identification of 

which factors need to be considered when working on the implementation of Industry 4.0, and 

whether they are equally important in the first place. Thus, the primary aim of the present study 

was to examine the importance of the previously presented factors to identify a set of key 

factors that managers should be focusing on. Equipped with this knowledge, they can derive 

concrete actions that facilitate the transition process. However, only knowing the key factors 

does not provide sufficient guidance. Consequently, to further put the resulting ratings into 

perspective and to validate our previous findings, we employed a mixed methods approach 

targeted at key Industry 4.0 experts who named and elaborated on the factors that they consider 

important. The mixed-methods approach consisted of using both a survey and semi-structured 

interviews.  

The combined findings of this convergent parallel study design, therefore, do not just 

present a list of key factors, but also show why these factors are important to consider for those 

who are undertaking and managing the transition. Furthermore, this study sought to answer the 
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research questions regarding when the previously identified factors become particularly 

important and whether the perception of the importance of the factors change across different 

groups (Castelo-Branco et al. 2019; Hoyer et al. 2020; Müller, Buliga, Voigt 2018). 

This article proceeds as follows: Section 2 briefly elaborates on the benefits of Industry 

4.0, and on the status quo of Industry 4.0 implementation studies. In Section 3, we further 

describe the study design. Section 4 presents the results of the qualitative and quantitative 

analysis before the findings of both sources are further discussed and used to identify the key 

factors in Section 5. Finally, we conclude this paper with a summary of the implications for 

managers.  

3.2 Theoretical Background 

3.2.1 The Benefits of Industry 4.0  

Much of the current literature on Industry 4.0 is centred around the benefits that arise from the 

potential of new technologies, including improved product quality, increased efficiency of 

operations, and more flexible processes, among others (Nürk 2019; Polge et al. 2020). 

Technologies like CPS, AI, Big Data and Machine learning are presented as the foundations 

for various kinds of autonomous systems that will become the new norm in manufacturing 

environments (Hastig and Sodhi 2020; Zhang et al. 2020). From collaborative robots to Multi 

Agent Systems (MAS) to social IoT, these autonomous systems are designed to provide 

managers with the means to monitor and improve processes in real time (Moeuf et al. 2017; 

Ahuett-Garza and Kurfess 2018). These autonomous systems will introduce new forms of 

interaction between smart digital devices and humans and consequently also introduce direct 

changes to the way operational level workers execute their tasks (Zhang et al. 2020; Tamas and 
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Murar 2019).  As a result, many researchers expect Industry 4.0 to potentially change how 

companies are organised and managed.   

In a similar vein, previous studies have assessed how Industry 4.0 can be combined 

with other, already well-established and applied, manufacturing philosophies such as Kaizen 

and Lean Manufacturing (Rüttimann and Stöckli 2016; Rossini et al. 2019). Hence, Industry 

4.0 will not only introduce new technologies and concepts, but also has the potential to enhance 

proven methods and approaches. In that context, various investigations have studied the 

compatibility between Lean Manufacturing and Industry 4.0 and concluded that both 

approaches can benefit from each other (Fettermann et al. 2018b; Buer et al. 2018). For 

instance, the concept of the Augmented Operator shows how smart devices can reduce the time 

between failure occurrence and failure notification by giving operators and managers real time 

updates on the status of CPS-enhanced machines and sensors. While continuously reducing the 

time between failure occurrence and failure notification is a traditional Lean task, enhancing it 

with permanently shared real time data and autonomous systems that can learn from these 

occurrences belongs to the Industry 4.0 concept (Vidal-Balea et al. 2020; Wyrwicka and 

Mrugalska 2018; Cohen et al. 2019).  

Together, these studies illustrate how Industry 4.0 will change how organisations 

manage their operations. In the context of digital transformation, managers are not only 

confronted with selecting, implementing, and organising new technologies, but also with 

assessing how Industry 4.0 can enhance their current manufacturing approaches. The vast 

scope of the transition towards Industry 4.0 therefore constitutes a great challenge for 

companies, and a greater part of the literature has emphasised the importance of further 

investigating this process in order to provide practical guidance and to set the foundation for 

further research (Zhang et al. 2020; Li 2020). 

file:///C:/Users/Christian/Box/Edit/Paper2/INDUSTRY%23_CTVL00103c221e3738c4dbbaec3cd14ecca238c
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3.2.2 Implementation of Industry 4.0  

Data from several studies suggest that the implementation of Industry 4.0 is and will remain 

one the most important topics for the manufacturing industry for the foreseeable future. For 

example, the European Patent Office (EPO) has revealed that the growth rate of patents related 

to Industry 4.0 technologies has rapidly increased over the last decade. This growth rate is five 

times higher than the annual increase in international patent families, illustrating how Industry 

4.0 is becoming more dominant in this area (European Patent Office 2020). This result is in 

accord with the most recent findings of an ongoing study of the MPI Group, which not only 

demonstrate that manufacturers have increasingly moved towards Industry 4.0 since the 

beginning of their research in 2016, but also that the vast majority of participants have stated 

that Industry 4.0 will have a significant impact on their businesses in the next five years (MPI 

Group 2020). However, while these studies clearly indicate that implementing Industry 4.0 

technologies and concepts will remain an integral part of corporations’ agendas, other studies 

have shown that this transition process poses an immense challenge for corporations. 

Highlighting this problem, the German Industry 4.0 Index presented findings that showed that 

companies struggle to implement Industry 4.0 on a wider basis despite having worked on single 

projects for years (Staufen AG 2019).  

 

Similarly, there is a growing body of literature that recognises the barriers that 

companies face when moving towards the implementation of Industry 4.0 (Raj et al. 2020; 

Schumacher et al. 2019; Sony and Naik 2020). Accordingly, these studies focus on identifying 

and analysing these barriers to gain a better understanding of the root causes that slow down 

or even prevent companies from beginning the transition process. In our previous study, we 

synthesised these findings so that they can be used as a foundation for future research that aims 

at further identifying the key implementation factors (Hoyer et al. 2020). Overall, we identified 
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14 potential implementation factors and divided them into three categories for greater clarity. 

In the following section we describe how these 14 factors were implemented and extended into 

our current study design (Table 6).    

 

Table 6. Industry 4.0 Implementation Factors by Hoyer et al. (2020) 

External Factors Internal Factors Company Characteristics 

Political Support 

IT-Standardisation 

Institutional Cooperation  

Available Funding Options Available 

Knowledge  

Pressure to Adapt  

Perceived Benefits 

Strategic Consideration  

IT-Maturity 

Skills Development 

Lean Manufacturing Experience 

Occupational Health and Safety  

Industry Sector  

Company Size  

 

 

3.3 Methods 

Our previous literature review provided an overview of the key factors that have been discussed 

in the field. This was a critical starting point for our research; however, we still needed to 

confirm whether the resulting list of critical factors was complete, and how these factors are 

actually perceived by practitioners and experts who already work on Industry 4.0 projects. To 

address these secondary research questions we adopted a convergent parallel mixed-methods 

approach, as illustrated by Figure 4. We sought to explore whether certain factors are perceived 

as more important than others, based on the evaluation of experienced practitioners. However, 

to do so, we wanted to expand our sample beyond just the classic disciplines and industry 

sectors common in this type of research, because Industry 4.0 stretches well past these 

traditional borders (Fromhold-Eisebith et al. 2021; Müller, Kiel, Voigt 2018). By covering a 

wide range of participants with different backgrounds, skills, and levels of experience, we 

could further explore whether certain criteria, such as years of Industry 4.0 experience, change 

the perceived importance of a given factor. For us to gain a deeper understanding of the 

implementation factors, we needed to give the experts enough room to express their thoughts 
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and concerns; something that could not be implemented into the survey without significantly 

increasing the time required to complete it, and potentially decreasing the return ratio. 

Therefore, besides distributing a survey to experienced practitioners, we also opted to 

simultaneously conduct semi-structured interviews with Industry 4.0 experts. Both data sources 

are considered of equal importance, collected simultaneously but analysed independently 

(Harrison 2013; Hong et al. 2017; Razali et al. 2019).  

 

Figure 4. Convergent Parallel Study Design 

This study design provides a more complete and comprehensive understanding of the 

implementation factors by evaluating the two methods in a complementary approach (Stentz et 

al. 2012). While the goal of the survey was to provide insight into the general perception of the 

identified factors amongst a wide range of practitioners with Industry 4.0 experience, the focus 

of the expert interviews was on validating the results of the survey and incorporating existing 

findings to explain not just which factors must be considered when implementing Industry 4.0 

but also why they must be considered. Prior to data collection, we obtained the appropriate 
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ethics approval. We also ensured participant anonymity by deidentifying their personal 

information.   

3.3.1 Participants and Data Collection 

3.3.1.1 Survey  

To achieve a better understanding of how important the identified factors are perceived by 

those experienced with Industry 4.0, we first had to develop a set of criteria that enabled us to 

find suitable candidates for the survey (Dennis 2014; Sargeant 2012). This is a challenging task 

that a number of researchers have been confronted with in recent investigations focused on 

Industry 4.0 (Tortorella and Fettermann 2017; Bartodziej 2017). Building on their proposed 

approaches, we decided to target respondents from various industry sectors. While 

manufacturing-dominant sectors seem to be the stronghold of Industry 4.0, many investigations 

have already illustrated its long reach beyond classic domains (Raj et al. 2020). It was more 

important for our study that participants were experienced with Industry 4.0 technologies, such 

as CPS and/or Industry 4.0 projects. 

The webpages of Plattform Industrie 4.0 as well  LinkedIn were used to select and 

contact suitable participants who met the presented criteria. In total, 693 practitioners were 

contacted via email or the platforms directly, out of which 140 returned valid answers. The 

resulting response rate of 20.20% sits right between the previous Industry 4.0 investigations of  

Rossini et al. (2019) (16%) and Tortorella and Fettermann (2017) (25%). We collected the 

responses between the end of October 2019 and early January 2020 through Qualtrics, a 

platform designed to develop and distribute surveys.  

Table 7 summarises the profile of the survey participants, showing that the majority of 

respondents worked for a company with more 1,000 employees (57%). Interestingly, more than 
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the half of the respondents (56%) stated that their corporation has at least started to implement 

an Industry 4.0 strategy, aligning with the findings of the Staufen AG (2019). Conversely, 6% 

reported that no Industry 4.0 strategy exists in their corporation. In a similar vein, 71% of the 

participants indicated that their corporation uses a set of Industry 4.0 strategy indicators to track 

the implementation of their Industry 4.0 strategy. Consequently, it is not surprising that the 

majority of respondents (66%) had more than three years of experience in working on Industry 

4.0 projects. Only 3% of the participants had worked on Industry 4.0 projects for less than a 

year. In terms of sectors, almost a third of the respondents worked in the IT sector. 

The questionnaire was divided into three main parts. In the first part, participants were 

asked to provide background information, such as their job function. In the second and major 

part, the focus was on rating the importance of the factors identified through the systematic 

literature review by presenting participants each factor as a single Likert item that ranged from 

1 (not important) to 5 (very important). To ensure that participants shared the same 

understanding of the implementation factors, an explanation was provided. In the final part, we 

asked respondents to state at which stage of the transition they think the previously rated factor 

becomes most significant, ranging from 1 (at the beginning of the transition) to 5 (the factor 

remains important throughout the entire transition). As discussed earlier, the implementation 

of Industry 4.0 is considered a time intensive and complex process; as a result, this question 

was included to reflect this dynamic nature and to account for the fact that the importance of a 

factor might depend on the stage of transition.  

Table 7. Survey Participants Demographics (n=140) 

Demographics n % Demographics n % 

Firm Size   Role    

1–49 32 23 Individual contributor  23 17 

50–249 17 12 Team Lead 21 15 

250–999 11 8 Manager (less than 3 years of experience)  10 7 
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1000–4999 21 15 Manager (more than 3 years of experience)  29 21 

5000 or more 59 42 Leader (looks after a region or business area)  14 10 

   Executive/C-Suite  14 10 

Implementation Indicators  Partner 2 1 

No 41 29 Owner 21 15 

Yes—Giving some 

orientation 

67 48 Others 5 4 

Yes—Appropriate system 32 23    

   Department   

Sector   Human Resources 2 1 

Machinery 16 11 Information Technology 22 16 

Automotive 21 15 Administration 2 1 

Aviation 5 4 Sales 17 12 

Chemical 4 3 Marketing 12 9 

Medical 3 2 Research and Development  18 13 

Energy and Environmental 2 1 Manufacturing 16 11 

IT and communication 46 33 Engineering  19 14 

Electronics 23 16 Others 32 23 

Others 20 14    

   Strategy Status   

Industry 4.0 Experience   No strategy exists  6 4 

Less than 1 Year 6 3 Pilot initiatives launched  26 19 

At least 1 Year but less than 3 

years 

56 31 Strategy in development  20 14 

At least 3 Year but less than 5 

years 

60 33 Strategy formulated 10 7 

At least 5 Year but less than 

10 years 

58 33 Strategy in implementation 43 31 

   Strategy implemented 34 25 

 

3.3.1.2 Expert Interviews  

Bartodziej (2017), in an empirical study to determine the influence of a set of functions on end-

to-end digital integration, illustrated the difficulty of distinguishing between Industry 4.0 

experts and other groups, such as persons that possess a special expertise. In the study, it was 

argued that this difficulty mainly arises from the complex and heterogeneous nature of Industry 

4.0, which is why the we focused on participants with access to a broader field of Industry 4.0 

technologies, consequently leading to a broader understanding of the topic. Since the 

complexity and the heterogeneity of Industry 4.0 increases over time due to various factors, 
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such as more and more sectors adapting it and the increasing amount of data that is being 

processed, we decided to refine his approach and to build on the notion that an Industry 4.0 

expert must have a broad understanding of the topic (Bogner et al. 2009; Lee et al. 2018). 

Therefore, experts with extensive knowledge about a specific concept related to Industry 4.0, 

such as Big Data or AI, did not automatically qualify for an interview. A set of criteria was 

developed to make sure that only experts who had a significant amount of experience in the 

field of Industry 4.0 as a wider concept would be selected, which included having a broader 

understanding of the entire implementation cycle. 

First, the interviews were not limited to experts with an industry background. Experts 

working in academia or government institutions, or on Industry 4.0 initiatives were considered 

equally important as they are all involved in the process of implementing Industry 4.0 on a 

broader scale (Sung 2017; Kipper et al. 2021). Second, potential participants had to have 

worked on Industry 4.0 projects in a leading position for more than five years. These projects 

did not have to be focused on implementing Industry 4.0; however, candidates who fulfilled 

that criterion were prioritised. Third, we focused on participants who were actively involved in 

committees, associations, and/or initiatives that support the transition towards Industry 4.0.  

This criterion was chosen to make sure that we covered a wider range of experiences regarding 

Industry 4.0, not just main professions. Finally, we accepted a variety of different professional 

backgrounds, as long as the other conditions were met.  

As mentioned earlier, we decided to proceed with semi-structured interviews to give 

interviewees sufficient opportunity to express their thoughts on the factors that they considered 

important. In that regard, the interviewer asked open questions about which factors they 

consider crucial when it comes to the implementation of Industry 4.0. In contrast to the 

quantitative survey, participants were not informed about the factors previously identified from 
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the literature, so that we could use their responses to validate the other two sources of data. At 

the same time, by asking the interviewees to elaborate on why they mentioned certain factors, 

we could gather more information on what makes their mentioned factors important. The 

interviews lasted around 60 minutes.  

At the beginning of each interview, interviewees were asked to discuss their experience 

with Industry 4.0, how they would define the term, and what Industry 4.0 means to them. The 

next part of the interview was then tailored around the implementation factors and what makes 

them important. Each participant was also asked if there were any other factors they wanted to 

mention before ending the interview.   

3.3.2 Data Analysis  

3.3.2.1 Survey Data 

The goal of the quantitative analysis was to find out how practitioners rate the 14 previously 

identified Industry 4.0 implementation factors and to determine whether differences in the 

factor ratings occur between groups of participants with particular characteristics such as 

Industry 4.0 experience or their role in the corporation. How participants rated the factors was 

assessed through descriptive statistics, specifically frequency counts and percentages. On the 

other hand, a Kruskal-Wallis H test was run to analyse the relationships between demographic 

variables and factor ratings.  

The statistical testing process was supported by version 26 of SPSS. At the beginning 

of the analysis, we reviewed the survey for missing data before summarising the overall rating 

of the factors through the descriptive approach. After summarising the data and confirming that 

no data was missing, we then checked if all the assumptions of the Kruskal-Wallis H test were 

met.  
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3.3.2.2 Interview Data 

Thematic analysis was used to analyse the 16 interviews that were audio recorded and 

transcribed by the team of researchers using NVivo 12, which is a software developed to 

analyse the relationships between emerging themes, categories, and codes (Hilal, AlYahmady 

Hamed, and Saleh Said Alabri 2013). In the first round of analysis, the audio recordings were 

carefully analysed while following the interview transcripts. In the second round, we 

determined and discussed naturally apparent codes and themes. These codes and themes were 

then reviewed by the authors again in order to merge identical codes and to prepare the data 

for the next round of analysis. In the third round of analysis, the emerged themes were 

compared against the set of factors previously identified in the systematic literature review. 

Themes that did not share similarities with the criteria presented in the systematic review and 

the explanations given to the survey participants were converted into new factors. Sub-themes 

served to determine the different facets of the factors discussed by participants. In the last round 

of analysis, the final structure of themes and codes was discussed. Upon completion of the 

coding process, we examined how often each theme/factor was referenced by the interviewees 

as well as how many interviewees mentioned a given theme/factor. We took this frequencies-

based approach so that the factor ratings from the survey could be compared with the results 

of the qualitative analysis, as discussed previously. Evidence from the interviews will be 

presented adopting a narrative format (Polkinghorne 1995; Sandelowski 1991).  

3.4 Results 

3.4.1 Quantitative Results 

Table 8. Industry 4.0 Implementation Factor Ranking 

Rank Factors Not Important Slightly 

Important 

Moderately 

Important 

Important Very 

Important 

ALI 
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1 Perceived Implementation 

Benefits 

0.0 2.9 5.7 32.1 59.3 91.4 

2 Strategic Consideration  0.7 2.9 9.3 23.6 63.6 87.2 

3 IT-Standardization and 
Security 

2.9 2.9 8.6 20.0 65.7 85.7 

4 Internal Knowledge and Skills 

Development 

2.9 4.3 11.4 40.7 40.7 81.4 

5 Available Knowledge and 

Education 

2.9 6.4 10.7 35.7 44.3 80.0 

6 IT-Infrastructure Maturity 2.9 7.1 15.7 32.9 41.4 74.3 

7 Corporate and Institutional 

Cooperation 

1.4 5.0 19.3 41.4 32.9 74.3 

8 Pressure to Adapt 2.9 12.1 19.3 37.9 27.9 65.8 

9  Political Support 2.9 16.4 20.7 46.4 13.6 60.0 

10 Cost Assessment and 

Available Funding Options 

4.3 12.9 27.1 32.1 23.6 55.7 

11 Occupational Health and 
Safety 

5.7 20.0 22.9 24.3 27.1 51.4 

12 Industry Sector 12.9 17.1 19.3 32.9 17.9 50.8 

13 Lean Manufacturing 
Experience 

4.3 15.0 30.0 27.9 27.9 50.8 

14 Company Size 20.7 21.4 25.0 23.6 9.3 32.9 

 

Table 8 provides an overview of how the survey respondents (n=140) rated each of the 14 

factors (presented as a percentage). In order to create a ranking based on the responses, we 

introduced the “At least important” score (ALI), which combined the percentages of the 

participants who rated a given factor as either “Important” or “Very Important”. In that way, 

we were able to highlight and illustrate the importance of each factor according to our research 

question. Furthermore, using the mean as a measure for central tendency would not have 

created any additional meaning in terms of interpreting the Likert items, as stressed by Harpe 

(2015). While the ALI also lacks the ability to measure the central tendency, it facilitates the 

interpretation of the results by focusing on one side of the spectrum, illustrating what 

percentage of the sample considered the factor import or very important.  

Overall, Table 8 shows that the importance of the factors varies significantly. What is 

more, a closer inspection reveals that the factors ranked from 1 to 3 are rated above the 85% 

mark, and the factors ranked from 4 to 7 stabilise around the 80% mark. After that, the ratings 

drop significantly; however, only one of the presented factors has an ALI score below 50%.  
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Table 9. Industry 4.0 Transition Periods 

Rank Factors At the 
beginning 

After major steps 
have been taken  

Towards the end 
of the transition 

During the 
whole 

transition 

I don’t 
know 

1 Perceived Implementation 

Benefits 

17.9 17.9 17.1 42.9 4.3 

2 Strategic Consideration  23.6 12.9 4.3 53.6 5.7 

3 IT-Standardization and 

Security 

23.6 14.3 4.3 55.0 2.9 

4 Internal Knowledge and 

Skills Development 

24.3 12.9 7.9 50 5.0 

5 Available Knowledge and 
Education 

30.7 12.1 4.3 49.3 3.6 

6 IT-Infrastructure Maturity 22.9 21.4 3.6 48.6 3.6 

7 Corporate and Institutional 
Cooperation 

22.1 20.0 2.9 50.7 4.3 

8 Pressure to Adapt 30.7 12.9 4.3 40.7 11.4 

9  Political Support 43.6 10.7 2.1 37.9 5.7 

10 Cost Assessment and 
Available Funding Options 

45.0 10.0 2.1 31.4 11.4 

11 Occupational Health and 

Safety 

10 12.9 9.3 51.4 16.4 

12 Industry Sector 20 8.6 1.4 47.1 22.9 

13 Lean Manufacturing 

Experience 

30.0 15.0 2.9 36.4 15.7 

14 Company Size 21.4 7.9 1.4 50.0 19.3 

- Average 26.1 13.5 4.8 46.1 9.4 

 

Besides rating each of the presented factors, we also asked participants to state at which 

phase of the Industry 4.0 transition period they think a given factor becomes particularly 

important. Table 9 summarises the results from that section of the survey and shows that for 

12 of the 14 factors most respondents stated that the importance of a given factor remains 

unchanged throughout the transition period. Only political as well as financial support seem to 

be more important at the beginning of the transition compared to the remaining phases. What 

further stands out is that, on average, less than 5% of the factors become important towards the 

end of the transition, indicating that most factors are either important before that phase or 

remain important throughout the entire transition. 

Turning now to the Kruskal-Wallis H test, Table 10 shows whether the factor ratings 

were statistically significantly different for a given group. For the groups that returned values 
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of p<0.05 for a given factor, we then continued with Dunn’s (1964) procedure, including a 

Bonferroni correction for multiple comparisons. This is a post hoc analysis for each pairwise 

comparison and signals a differences between two or more groups (Sheskin 2020; András 

Vargha and Harold D. Delaney 1998). Additionally, the distribution of the ratings was assessed 

by visual inspections of the corresponding box plots. While a similar distribution allowed us to 

further compare the medians of each group, none of the assessed box plots showed an equal 

distribution (Sheskin 2020). Therefore, we specified the ALI score for each group in order to 

provide a general overview of how the presented factor ratings changed across a given pair. 

Overall, the test revealed that 8 of the 14 factors did not show a significant change in 

rating across the presented groups (p > 0.05).  Similarly, “Job Function” and “Strategy Status” 

had no impact on the rating of any of the factors. However, the remaining factors and groups 

returned statistically significant differences. Individual p-values will be specified at the end of 

each group comparison.  

Starting with “Number of Employees”, differences in ratings occurred in three factors. 

For the factor “IT-Standardization”, p = .00, the post hoc analysis revealed statistically 

significant differences in factor ratings between firm size 1–49 (ALI=62.5) and 5,000 or more 

employees (ALI=93.3) (p = .000), and 1–49 and 1,000–4,999 employees (ALI=95.2) (p = 

.037), indicating that smaller companies perceive the importance of IT-standardisation and 

security less important compared to larger corporations. Similarly, the factor “IT-Infrastructure 

Maturity”, p = .015, showed a difference in factor ratings between firm size 1–49 (ALI=53.1) 

and 5,000 or more employees (ALI=80.3) (p = .010). Finally, for the factor “Lean 

Manufacturing Experience”, p = .022, a difference in rating between the groups 1-49 

(ALI=37.9) and 5,000 or more (ALI=66.1) (p = .031) could be observed. 
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Continuing with the group “Industry 4.0 Experience”, only the factor “Implementation 

Benefits”, p = .008, turned out to have different ratings across groups. The group that had at 

least 1 but less than 3 years of experience (ALI=79.5) and the group with at least 5 but less 

than 10 years of experience (ALI-95.8) (p = .036) rated the factor differently. In a similar vein, 

different ratings could be observed for the pairing of the group with at least 1 but less than 3 

years of experience and the group with at least 3 but less than 5 years of experience (ALI=96) 

(p = .009).  

While the first part of the Kruskal-Wallis test showed a difference in ratings for the 

factor “Available Knowledge and Education” in the “Job Role” group, p = .041, the post hoc 

evaluation did not lead to differences between any given pair. In contrast, a difference in rating, 

together with a positive post hoc analysis, was observed for the factors “Company Sector” (p = 

.024) and “Company Size” (p = .009) across the “Industry 4.0 Strategy Indicators” groups. In 

terms of company sector, the difference in the strategy indicator group occurred between the 

group that has a system of Industry 4.0 indicators in place that provides some orientation, 

(ALI=30.3) and the group that has an appropriate system of Industry 4.0 indicators (ALI=68.8) 

(p = .023). Likewise, there was a difference between the group that has some indicators 

(ALI=22.4) and the group that has an appropriate set of indicators (ALI=43.8) (p=.024) for the 

factor “Company Size” (p=.009). Additionally, the rating of the factor showed differences 

between the group that has some indicators in place and the group that stated that they do not 

have any indicators in place (ALI=47.5) (p=.049). 

Finally, the rating for the factors “Available knowledge and Education” (p = .000) and 

“Lean Manufacturing Experience” (p = .002) changed across the “Industry Sector” groups. For 

the factor referring to the availability of knowledge, a difference between the electronic sector 

(ALI=52.2) and information and communications technology sector (ALI=93.4) (p = .000) was 
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observed. On the other hand, for the factor referring to lean manufacturing experience, a 

difference between the information and communications technology sector (ALI=39.1) and the 

automotive sector (ALI=85.8) (p = .008) was found.  

Table 10. Pairwise Comparison Between Groups and Factors 

# Factors Number of 

Employees 

Job 

Function 

Industry 4.0 

Experience 

Responsibility Strategy 

Status 

Strategy 

Indicators 

Sector 

1 Perceived 

Implementation 

Benefits 

0.574 0.667 0.008 0.624 0.458 0.812 0.53 

2 Strategic 

Consideration  

0.151 0.636 0.959 0.056 0.708 0.653 0.423 

3 IT-Standardization 

and Security 

0 0.058 0.316 0.104 0.772 0.661 0.052 

4 Internal Knowledge 0.21 0.309 0.386 0.697 0.121 0.934 0.734 

5 Available 
Knowledge and 

Education 

0.736 0.529 0.469 0.041 0.936 0.976 0 

6 IT-Infrastructure 
Maturity 

0.015 0.362 0.264 0.167 0.779 0.436 0.059 

7 Corporate and 
Institutional 

Cooperation 

0.905 0.79 0.689 0.758 0.858 0.123 0.745 

8 Pressure to Adapt 0.748 0.541 0.289 0.336 0.594 0.293 0.987 

9  Political Support 0.682 0.866 0.487 0.361 0.811 0.16 0.182 

10 Cost Assessment 
and Available 

Funding Options 

0.21 0.357 0.094 0.148 0.824 0.892 0.216 

11 Occupational Health 

and Safety 

0.05 0.688 0.192 0.163 0.592 0.619 0.224 

12 Industry Sector 0.357 0.375 0.541 0.063 0.498 0.024 0.064 

13 Lean Manufacturing 

Experience 

0.022 0.398 0.385 0.131 0.44 0.721 0.002 

14 Company Size 0.468 0.414 0.255 0.281 0.326 0.009 0.504 

 

Taken altogether, the results of the quantitative analysis answers three interesting questions 

that emerged from the systematic review of Industry 4.0 research. First, the findings suggest 

that the factors discussed in the literature are not perceived as equally important by experienced 

practitioners. Second, for the vast majority of factors, the importance does not change 

throughout the transition process. Finally, the importance of some factors varies across certain 

groups. For example, lean manufacturing experience was considered more important by 
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participants working in the automotive industry compared to participants working in the 

communications technology sector.  

3.4.2 Qualitative Findings 

In the first round of coding, 18 themes and 82 sub-themes emerged from the review of the 

transcripts. After the identified codes and themes were evaluated and discussed, we reduced 

the number themes to 14 themes and the number of sub-themes to 67. After the second round 

of analysis, themes and sub-themes were further discussed and compared against the factors 

identified in the literature review. Table 11 shows the outcome of that process with “n” 

displaying how many times each sub-theme was addressed by the interviewees. Unexpectedly, 

out of the 14 factors identified in the systematic literature review, 13 were discussed by the 

Industry 4.0 experts. While they did not address the fact that the industry sector could play an 

important role when it comes to implementing Industry 4.0, they talked about the importance 

of the attitude and mindset of corporations as a factor that needs to be taken into consideration.   

Table 11 highlights how many times each of the identified factors was mentioned as 

well as how many participants talked about each of them. From this overview, it can be 

observed that some factors were discussed significantly more than others. For example, while 

only one participant talked about occupational health and safety, all participants talked about 

the importance of implementation benefits. Moreover, the number of references further 

indicates how intensively certain factors were discussed, revealing four particularly prominent 

factors; “Perceived Implementation Benefits”, “IT-Standardisation and Security”, Corporate 

and Institutional Cooperation” and “Available Knowledge and Education”.  

Table 11. Frequency of Addressed Sub-Themes in the Expert Interviews 

Sub-Themes  n Sub-Themes  n 

        

Perceived Implementation Benefits   Company Size   
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New business opportunities 36 Lack of Resources 10 

Productivity & Process Efficiency Boost 35 Lack of Understanding AND Initiative 7 

Improved data accuracy & availability 18 Difficult access to Funding 5 

Customer retention 16 Cooperation Difficulties 4 

Ability to compete  15 Operational Focus 2 

More individualisation & smaller batch sizes 11 Negotiation Power 1 

Traceability & Transparency 8 Flexibility 1 

Quality Increase 7 Political Support   

Flexibility 4 Facilitate cooperation and initiatives 14 

Sustainability 3 Legal boundaries & Data Privacy 14 

IT-Standardization and Security   International competitiveness  8 

Data Privacy and Ownership 31 Support for SMEs 8 

Interoperability  21 Shrinking population & Skill shortage 6 

Data Safety 13 Broadband and 5G expansion 5 

Broadband Expansion 11 Promoting Industry 4.0 3 

Dependency and Power Imbalance  10 Shaping new working environments 1 

Corporate and institutional cooperation   Strategic Consideration   

Science and Corporations 20 Day to Day Business 19 

Cooperation through initiatives 19 Pilot Purgatory 19 

Interdisciplinary cooperation 10 Need for comprehensive approaches 8 

Cooperation with Competitors 8 Including the human factor  7 

Government AND Companies AND Science 8 Strategic Initiative 4 

Government and Corporate World 3  IT infrastructure maturity   

National AND International Cooperation 2 Data Usability and Accessibility 21 

Available knowledge and education   Networking as enabler 16 

Education Programs and Infrastructure 21 Brownfield & Compatibility 11 

Support Programs and Initiatives 15 Data Quality 5 

Test Environments and Use Cases 12 Internal Knowledge & Skills Development   

Availability of Qualified Personnel 8 Knowhow management 21 

General Understanding of Industry 4.0 6 New Job Requirements 20 

Finding a Partner 6 Continuing Education 4 

Attitude and Mindset   Cost Assessment and Available Funding   

Attitude towards change 26 Cost Assessment 10 

Company Culture 9 Lack of financial Resources 9 

Innovation Mindset 4 Funding Autocracy 5 

Pressure to adapt   Lean Manufacturing Experience    

Media Presence 20 Lean Similarities 5 

Customer Pressure 11 Occupational Health and Safety   

Market Pressure 9 Fear of losing one’s Job 1 
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A variety of perceptions were expressed, but most answers revolved around new 

business models resulting from the implementation of Industry 4.0 and how companies mainly 

start to implement Industry 4.0 in order to increase their efficiency, summarized under the most 

discussed factor “Perceived Implementation Benefits”.  

The second factor that was widely discussed was “IT-Standardization and Security”. In 

the context of Industry 4.0, new business models often rely on the processing and sharing of 

data. In that regard, participants expressed their concerns regarding data privacy and 

ownership. As one interviewee stated: 

We need global standards for data privacy and ownership. It should not 

matter, not even for the data privacy lovers among us, that our data are 

stored in Asia for example. (P4) 

 

Another common view among experts was that the interoperability of systems plays an 

important role when implementing Industry 4.0 technologies and concepts, as illustrated by the 

following comment:  

The same problems can be encountered in almost every system and IT-

infrastructure: What language does it speak and how can we use it? (P6) 

 

The third factor that was often reported was “Corporate and Institutional Cooperation”. 

Here, experts elaborated on the importance of Industry 4.0 initiatives that give companies the 

opportunity to work on Industry 4.0 standards together with other companies and institutions:  

The model inspired by the German Plattform Industrie 4.0 becomes 

internationally more popular. It aims to bring all important parties to the 

negotiation table so it can be discussed which direction certain 

developments and standards should take. (P5) 

 

The need for more cooperation between academic institutions and companies was also 

highlighted. A common view among interviewees was that research institutes should support 

companies with the development and understanding of Industry 4.0 technologies and 
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processes. However, participants also noted that this form of cooperation can often be 

accompanied by a number of difficulties. Commenting on how academic institutes should 

approach the corporate world, one of the experts said: 

I think research institutes should introduce internal incentives that 

encourage projects with corporations. In that regard, I advise them to 

understand and present themselves as service providers. Furthermore, they 

should adjust their language, which often is a crucial barrier. (P10) 

 

Finally, the factor “Available Knowledge and Education” was among the most 

discussed themes across all interviews. Experts mainly showed concern over the capability of 

education systems to prepare workers for new working environments. In that regard, they 

stressed the importance of making the current education infrastructure more flexible so that it 

suits the continuously changing needs of the economy, as illustrated by one participant: 

I still do not understand why bachelor and master students in engineering 

have to study an excessive amount of mathematics. Instead, they should 

learn how to use simulation tools. What is the point understanding 

differential equations when they actually should be able to interpret the 

results of simulated systems? (P12) 

 

 

In summary, what emerges from the qualitative results reported here validate the 

findings of the previously conducted systematic review. With the exception of the “Industry 

Sector” factor, all identified factors were discussed by the interviewees. A critical finding has 

been the identification of an additional factor referring to the company’s mindset and attitude 

toward Industry 4.0. In addition, the identified sub-themes further illustrate why a given factor 

is considered important and which facets need to be taken into account when implementing 

Industry 4.0.  

Table 12. Frequency of Mentioned Factors in the Expert Interviews 

Factor Number of Participants mentioning it References 

Perceived Implementation Benefits 16 153 
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IT-Standardization and Security 14 86 

Corporate and Institutional Cooperation 16 70 

Available Knowledge and Education 14 68 

Company Size 12 60 

Political Support 15 59 

Strategic Consideration  11 57 

IT- Infrastructure Maturity  13 53 

Internal Knowledge and Skills Development  13 51 

Attitude and Mindset 12 48 

Pressure to Adapt 14 47 

Cost Assessment and Available Funding Options 8 24 

Lean Manufacturing Experience  3 5 

Occupational Health and Safety 1 1 

Industry Sector 0 0 

 

Regarding the importance of each factor, the findings show that some factors were 

discussed more often than others. This can be perceived as indicative findings, therefore, to 

enhance the interpretation of these data, a mixed-method study approach was adopted. The next 

section discusses the results of the qualitative findings together with the quantitative findings. 

3.5 Discussion  

The present study was designed to identify and evaluate the key factors contributing to an 

effective Industry 4.0 implementation. Building on the findings of our previous study, we 

presented 14 factors identified from the literature as being critical for Industry 4.0 transition to 

an audience of experienced practitioners through a survey. By asking them to rate the 

importance of these factors and state when those factors become particularly important, we 

achieved to get a better understanding of how practitioners perceive the overall importance of 

the identified factors. In order to validate these results and to obtain a clearer picture of why 

certain factors are considered crucial, we also conducted interviews at the same time with 

Industry 4.0 experts who had a broad understanding about the implementation cycle. Hence, 
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interviewees were asked open questions regarding the implementation of Industry 4.0 without 

mentioning any of the previously identified factors as discussed in Section  0. The findings of 

this qualitative approach suggest that the initial list of 14 factors reflects the experience and the 

evaluation of the experts, with only one factor not being discussed. In addition, two other 

critical findings emerged. First, we were able to identify an additional factor, that we labelled 

“Attitude and Mindset”, that was not uncovered by our initial systematic review. Second, the 

factor “Company Size” was among the top five discussed factors in the interviews, despite 

having received the lowest ALI score. 

While, so far, each of the two approaches may explain certain aspects of an effective 

transition towards Industry 4.0, the key factors can only be identified and discussed by 

examining both approaches in context. Therefore, this section begins with the completion of 

the key factor identification process by merging and interpreting the two complementary 

approaches. Subsequently, we will discuss each of the resulting key factors in more detail. 

3.5.1 Key Factors Identification Through Synthesis 

By using the ALI scores (see Table 8) to evaluate the importance of the factors according to the 

quantitative dataset collected through the survey, it can be seen that 7 factors are around, or 

exceed 75%. The scores of the remaining factors then drop significantly. Similarly, by 

determining how many times each of the interviewees referred to one of the factors in the 

qualitative dataset, it can be seen that 7 factors are close to 60 references before the scores drop 

towards and below 50 references per factor.  

Further assessing the two datasets, it becomes evident that 5 factors are among the top 

7 factors of both datasets, as illustrated by Figure 5. In other words, out of the 15 identified 

implementation factors in both datasets, 5 factors received a high ALI score combined with a 

high interview reference score. These factors will be further evaluated and discussed as they 
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seem to be at the core of an effective Industry 4.0 implementation according to both 

experienced practitioners and Industry 4.0 experts. The focus will be on why these factors 

should become part of a manager’s decision-making. However, we will close this section by 

briefly discussing other critical findings that emerged from the analysis.  

 

Figure 5. Implementation Factors after Synthesis of Qualitative and Quantitative Data 

3.5.2 Perceived Benefits  

With more than 90% of all survey participants stating that the factor is at least important, and 

with almost twice as many references as the second most discussed factor, “Perceived Benefits” 

emerged as one of the most dominant factors in our examination. In terms of when the factor 

becomes most important, most participants think that the importance level remains stable 

throughout the transition (see Figure 6), which is supported by the findings of the qualitative 

analysis. Industry 4.0 experts particularly highlighted long-term goals such as maintaining the 

ability to compete or increase the overall efficiency and flexibility of the company as major 

benefits of implementing Industry 4.0. However, experts also stressed the importance of having 

a clear and comprehensive understanding of how Industry 4.0 technologies and concepts can 

support companies to achieve their goals, a process that is located at the beginning of a 
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transition. Alluding to the problem that this elementary process is often underestimated, 

interviewees said:  

In terms of assessing the potential of Industry 4.0, I worked with many 

companies that lack a clear vision of what they want, thinking that buying a 

new machine from their supplier will make them more efficient. Instead, they 

should ask themselves how digitalization can be incorporated in their 

products? Can we improve our selling platforms? Is there a way we can 

understand our customers better and can this be implemented into our 

processes? In my opinion, a lot of potential remains untouched. (P05) 

 

When it comes to Industry 4.0, it is important to figure out what creates 

value in an organization and which approach is beneficial. Since the term 

itself created a hype, it became even more important for companies to 

clearly evaluate what the term means for themselves and how it should be 

put into practice. (P09) 

 

While the combination of findings suggests that “Perceived Benefits” plays a major 

role across different transition periods, a clear vision must be formed before beginning the 

transition process. This implies that managers need to build implementation approach on a 

comprehensive understanding of the organisation’s vision. In this context, the process of 

identifying potential business models and areas that benefit from the use of Industry 4.0 

technologies represents the starting point of the transition process. In contrast, the benefits 

highlighted by experts are strongly connected to the long-term success of corporations such as 

increasing the flexibility of operational processes. Hence, both aspects should be taken into 

consideration when implementing Industry 4.0, despite the seemingly contradictory nature of 

the factor’s transition timeline. Furthermore, the Kruskal-Wallis test showed that participants 

with more experience tended to rate the factor higher, indicating that the impact of this factor 

might be underestimated by those with less Industry 4.0 experience. 
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Figure 6. Perceived Benefits: Factor Rating and Crucial Transition Period 

3.5.3 IT-Standardization and Security 

The factor “IT-Standardization and Security” received the highest very important rating among 

all factors in the survey and was the second most discussed factor in the interviews (Figure 7). 

Uncertainty regarding data privacy and data ownership as well as interoperability were reported 

as major challenges in the context of moving towards Industry 4.0. Technologies that allow 

decentralised data-driven dynamic decision-making in real time such as IoT devices and 

artificial intelligence require significant amounts of collected and processed data (Xu and Duan 

2019; Nürk 2019). Thus, with data becoming more valuable and essential, corporations need 

clear data privacy and ownership rules, as stressed by most of the interviewees. However, it 

was also stressed that no ideal legal solution existed and that companies, therefore, need to 

actively manage the uncertainty surrounding this topic, as interviewees said: 

The topics data management and data privacy are a difficult balancing act. 

At the moment, we must figure out how create a useful data economy that 

respects the ownership of data. Because that economy is necessary to make 

processes more efficient with the help of Industry 4.0. (P14) 

 

It can become a major problem when companies share their data without 

taking all the necessary precautions regarding the use of their data. (P02) 

 

In a similar vein, interviewees reported a lack of machine communication and software 

standards. Companies would, consequently, often face an increased amount of uncertainty 

regarding the future compatibility of their newly acquired systems. Additionally, their current 
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IT infrastructures are often not compatible with solutions that allow them to move towards 

Industry 4.0 technologies. As a result, interviewees further stressed the importance of industry 

standards and that companies should be open to cooperate with competitors to address these 

problems together, as illustrated by the comments below:   

…Industry standards are urgently needed in order to be able to provide 

data, share data, and to create more efficient interfaces... (P04) 

 

…With regards to developing standards and joint interfaces, it is advisable 

to cooperate with competitors as long as it does not have an impact on a 

company’s competitiveness… (P02)  

 

 

Figure 7. IT-Standardization and Security: Factor Rating and Crucial Transition Period 

 

Overall, this is a somewhat troubling result for managers as no standard solutions exist 

to solve the two major identified challenges related to this factor. On the one hand, when it 

comes to data ownership and privacy, companies need thoroughly examine which data can be 

shared, while taking all the necessary precautions. On the other hand, because no industry-wide 

standard for certain applications exists, managers have to strategically plan the extension of 

their company’s infrastructure. In that regard, they not only need to manage the interoperability 

of their systems within their own infrastructure, but also need to consider the compatibility of 

their systems with customers and suppliers. Cooperation with other companies can even 

accelerate the process of developing appropriate industry and privacy standards. 
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Nevertheless, until more solid solutions are available, further extending the capabilities 

of one’s own infrastructure according to the Industry 4.0 philosophy, seems to come at a 

difficult-to-evaluate cost. Different data privacy and ownership regulations in different parts of 

the world, and the uncertainty resulting from the future compatibility of systems, seem to be a 

firm component of this new data-driven economy, offering a potential explanation as to why 

the vast majority of practitioners stated that the factor remains important across all transition 

periods.  

3.5.4 Cooperation 

Almost 75% of the survey participants considered “Corporate and Institutional Cooperation” 

as at least important (Figure 8). Along similar lines, all Industry 4.0 experts emphasised the 

importance of cooperation when it comes to the transition towards Industry 4.0. Three main 

themes emerged from the interviews: cooperation between science and corporations, 

cooperation through initiatives, and having a interdisciplinary focus.  

  

Figure 8. Cooperation: Factor Rating and Crucial Transition Period 

First, interview participants highlighted the potential resulting from research 

institutions’ ability to communicate the meaning of Industry 4.0. On that basis, they also 

emphasised the need to develop potential use cases tailored to the needs of individual 

corporations. However, in that context, Industry 4.0 experts also stressed the difficulty for 
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companies to find a suitable partner due to a lack of experience with this type of cooperation 

as well as a lack of openness. Commenting on that issue, one interviewee mentioned: 

Companies often struggle to find a research institution that understands 

their needs and that can offer enough expertise. Unfortunately, while there 

are many ways to find the right partner, companies often are not aware of 

them. (P05) 

 

Second, interviewees recognised that cooperation with initiatives such as “Plattform 

Industrie 4.0” was a promising way for companies to learn about the concept of Industry 4.0, 

to find partners for joint research, to test new technologies, and to identify potential use cases. 

Consequently, the role of Industry 4.0 initiatives was rated as vital among Industry 4.0 experts. 

The comment below further illustrates their expectations about these initiatives:  

It is extremely important that these initiatives not only promote the 

awareness and the understanding of Industry 4.0. They also need to 

demonstrate what can be done with it and motivate companies to develop 

new ideas. (P14) 
 

Finally, Industry 4.0 experts not only stressed the importance and the potential of 

cooperation between different disciplines, but also stated that Industry 4.0 had already helped 

to initiate a change in their thinking. For example, the requirements for new industry machines 

have drastically increased as they need to be integrated into highly digitalised infrastructures, 

resulting in a more diverse team constellation, as illustrated by the comments of one 

interviewee:  

The traditional make or buy decision, in my opinion, has changed and the 

existing boundaries between knowledge domains continue to dissolve. 

Developing a machine does not only require engineers but also software 

developers and data scientists. Compared to the last 20 years, companies 

need more heterogeneous teams of experts in order to develop Industry 4.0 

capable products. (P02) 

 

Overall, the findings further reveal why cooperation is crucial for an effective 

implementation of Industry 4.0. The processes of developing standards, identifying use cases, 
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and producing Industry 4.0 compatible products can all be supported and accelerated by inter-

institutional cooperation and interdisciplinarity. For corporations that intend to evolve their 

DNA towards Industry 4.0, cooperation seems indispensable. It can therefore be assumed that 

managers need to actively support the process of further dissolving the traditional boundaries 

between disciplines in order to successfully manage the implementation of Industry 4.0 

technologies and concepts. Also, cooperation with research institutes and Industry 4.0 

initiatives has been identified as the most promising method to address the more fundamental 

problems that are often beyond a manager’s direct control. However, the findings indicate that 

companies often struggle with finding partners, further illustrating the need for a proactive 

approach that encourages and facilitates cooperation. 

3.5.5 Available Knowledge and Education 

The factor “Available knowledge and education” was considered as at least important by 80% 

of the survey participants and was referred to 68 times by Industry 4.0 experts during the 

interviews. Interestingly, almost one-third of the survey participants stated that the factor is 

particularly important at the beginning (see Figure 9). This aligns with the interviewees’ 

comments about the need for use cases and test environments that help companies to develop 

their own Industry 4.0 goals and ideas—a process that sits at the beginning of the transition. 

For example, one interviewee said: 

Ideally, we should provide access to our reference labs to more companies. 

Furthermore, we also need to discuss and develop more joint projects. 

However, at the moment, we are only giving seminars to some companies 

we already formed a relationship with as we are simply lacking the financial 

capacities. We organize some events every two years, but that is far from 

sufficient. (P11) 

 

However, the most dominant theme that was discussed by Industry 4.0 experts refers to 

education infrastructure. Interviewees pointed out that education systems no longer suit the 
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needs of the corporate world, and they expect the situation to become even more aggravated 

due to the increasing speed of change in staffing requirements. Talking about this issue, 

interviewees said:  

The way the entire education sector is structured does no longer meet the 

requirements of corporation and this will get worse in the future. (P15) 

 

…I think what is taught will become obsolete even faster than before, which 

is why it often becomes unavoidable for employees to go through continuous 

training. This is also reason why me and my colleagues designed and 

initiated a master program in a continuous training format. (P12)  
 

Whereas the need for use cases indicates that the factor should be particularly 

considered at the beginning of the transition, new styles of education such as continuous 

learning suggest that this factor will not lose it significance after the initial phase of the 

transition, potentially explaining why most practitioners stated that the factor remains 

important after initial steps have been taken (see Figure 9). 

 

Figure 9. Available Knowledge: Factor Rating and Crucial Transition Period 

Apart from the current state of education systems and the availability of test 

environments and use cases, Industry 4.0 experts also discussed the importance of support 

programs and initiatives. As discussed earlier, while these support programs and initiatives can 

support companies with developing their own Industry 4.0 DNA and strategy, interviewees 

further stressed the lack of accessibility to and availability of these programs, as one 

interviewee stated:  
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One Entrepreneur told me that applying for support programs often would 

require him to hire employees who would only work on that task. However, 

that often makes these programs obsolete. (P10) 

 

What emerges from these results is that managers need to find an internal solution for 

an external problem. With education systems struggling to meet the requirements of a fast-

paced changing digital economy and with the difficulties of accessing support programs, 

actively preparing the already existing workforce for future challenges becomes fundamental. 

Other authors have tried to address this fundamental problem by proposing different models 

that help companies to implement a sustainable learning infrastructure. What these models 

share is a  reliance on digital solutions that facilitate the on-the-job learning based on a tailored 

learning strategy for each employee (Kadir and Broberg 2021).  

3.5.6 Strategic Consideration 

In the survey, the factor “Strategic Consideration” received the highest very important rating 

and the second highest ALI score (see Figure 10). Also, strategy was one of the dominant topics 

in the interviews. Furthermore, most survey participants stated that considering Industry 4.0 at 

a strategical level remains important during the entire transition. What seems counterintuitive 

at first, can be put into perspective through the participants’ claims that Industry 4.0 is more 

than a project and that it should be managed and treated like a transformation of the entire 

business; it is a task that requires a holistic approach rather than breaking Industry 4.0 into use 

cases. As a result, it is not surprising that Industry 4.0 experts discussed two main reasons why 

companies often lack an appropriate and dedicated strategy.  

First, it was stressed that corporations are often trapped in their day-to-day business and 

success. According to the interviewees, this means that plans to implement Industry 4.0 are 

often put on hold or even abandoned due to the positive order situation. Talking about this 

issue, interviewees said: 
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Particularly traditional corporations fail to implement Industry 4.0 into 

their daily business because they rather fully focus on operative processes. 

For example, we often see companies applying for Industry 4.0 funding, 

which requires a lot preparation, and, in the end, they decide to cancel the 

process due to a new order from a customer. This often leads to delays, 

which is a fundamental issue. (P05) 

 

As long as businesses are going well, even when there is a small decline in 

orders from customers, companies tend to not initiate change. (P12) 

 

Besides the fact that companies seem to prioritise their daily business over developing 

an appropriate strategy, interviewed experts pointed out that there is a general issue with how 

companies approach Industry 4.0. Interviewees suggested that instead of developing an 

Industry 4.0 strategy, companies often move towards Industry 4.0 with the help of small and 

isolated projects. These projects often do not do Industry 4.0 justice and lead to what some 

experts called a “Pilot Purgatory”. As interviewees said:  

It is crucial that companies have a clear focus on an Industry 4.0 strategy 

as well as on the target architecture. Otherwise, they will enter the state of 

a pilot purgatory, as demonstrated by McKinsey. (P08) 

 

In terms of Industry 4.0, companies often only think of use cases without 

seeing the bigger picture. Consequently, those companies are developing 

small use cases from which only small subsets will be implemented as other, 

more cost-effective, solutions are always available on the market. However, 

the benefit lies in understanding Industry 4.0 as a whole and to combine the 

development of different use cases. (P05) 
 

 

Figure 10. Strategic Consideration: Factor Rating and Crucial Transition Period 

 



 

110 

 

In the context of Industry 4.0, “Pilot Purgatory” refers to companies that have a number 

of IoT projects underway but fail to organise a proper rollout or sometimes even to see the 

overall benefit of the projects (McKinsey 2018). Interviewees firmly stressed the importance 

of Industry 4.0 strategies as they help companies to manage the transition more effectively and 

to get a better understanding of how Industry 4.0 can help their businesses.  

Together these results indicate that the transition towards Industry 4.0 without strategy 

is an approach that is prone to fail. Managers should avoid breaking the transition down into 

different use cases and projects without a proper strategy that combines these single elements 

into a comprehensive vision for the company. Managers also face the difficulty of managing 

the transition while having a strong focus on the day-to-day business. Industry 4.0 experts 

pointed out that this is often a priority issue, with success sometimes becoming a blockade for 

change. Developing a dedicated Industry 4.0 strategy can help to identify and articulate these 

issues, facilitating the process and putting expectations of isolated projects into a wider and 

more sustainable context. Both pilot purgatory and day-to-day business create an on/off 

relationship with the implementation of Industry 4.0 technologies and concepts; an Industry 

4.0 strategy should take these issues into account and provide orientation for the entire 

implementation cycle.    

3.5.7 Further Critical Findings 

Besides the five key factors, two other critical findings emerged from the analysis. First, there 

was a lack of consensus between experts and practitioners when it came to importance of the 

size of a company. While this factor was considered the least import according to the survey, 

interviewees referred to it comparatively often, being amongst the five most referenced factors. 

In our previous study, we pointed out that different studies came to different conclusions with 

regards to whether the size of company is important in the context of implementing Industry 
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4.0. Considering the overall compatibility of the two datasets, we did not expect this to be as 

clearly reflected in our current findings. Thus, further investigations are required to obtain a 

deeper understanding of the effect of size on the implementation of Industry 4.0.  

Second, the factor “Attitude and Mindset” emerged from our interviews with experts. 

While not being among the most discussed factors, its impact on the transition and its 

importance for practitioners should still be further assessed in future investigations. 

Interestingly, experts pointed out that Industry 4.0 is often perceived as a threat, encouraging 

companies to wait as long as possible before initiating the transition. However, they also 

stressed that raising awareness of the opportunities can have a positive effect in that context.  

3.6 Conclusions 

The concept of Industry 4.0 has so far withstood the test of time. With an increasing number 

of companies expecting Industry 4.0 to have a significant impact on their businesses, and with 

the ever-growing availability of new technological solutions, the term has matured and became 

an inherent part of management decisions.  

For managers working at the frontline of the transition process, these developments have not 

only created future opportunities, but also resulted in substantial and seemingly overwhelming 

challenges. From selecting compatible technology solutions to preparing the workforce to work 

in a smart environment that is driven by real time data processing and autonomous systems, 

the scope of implementing Industry 4.0 seems vast and demanding (Kumar et al. 2018).  

To face these challenges, managers need to have a better understanding of the 

underlying dynamics of the transition towards Industry 4.0, as stressed by a number of authors 

(Fettermann et al. 2018a; Li 2020). Through a convergent parallel study design, our study 

identified five key factors that managers should focus on when outlining and managing the 

transition towards Industry 4.0. This mixed study approach was a key strength of our 
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investigation as we were not only able to test and validate our previous findings, but also 

present a more detailed picture of the implementation of Industry 4.0 by combining two sources 

of data.  

Besides identifying the key factors, we were also able to show why these factors are 

considered important by interviewing Industry 4.0 experts. Furthermore, our findings indicate 

that the perception of the importance of certain factors changes across groups and that the 

importance of most of the factors remains stable throughout the entire transition period. Finally, 

these findings were interpreted together to derive concrete recommended actions for managers, 

which will be summarised in the next section.  

3.6.1 Implications for Managers  

Confirming the findings of a recent study by Müller, Buliga, Voigt (2018), we identified 

“Perceived Benefits” as the most dominant factor in our analysis. However, in addition to what 

has already been said about this factor, we were able to show that this factor is not only 

important in terms of identifying potential benefits, such as increasing the overall flexibility, 

but also that mangers must align these benefits with the overall vision of the corporation. This 

implies that the vision itself must be understood and geared towards the concept of Industry 

4.0, a task that goes beyond the initial phase of the transition and beyond selecting promising 

technologies and business models. The factor “Strategic Consideration” has illustrated the 

consequence of neglecting this process. Industry 4.0 experts have stressed that approaching 

Industry 4.0 strategically is inevitable, which is confirmed by previous investigations (Cohen 

et al. 2019; Raj et al. 2020). Otherwise, managers are likely to manoeuvre single and isolated 

projects to the open sea from where the overall purpose of these projects cannot be seen. To 

avoid this so called “Pilot Purgatory”, managers are therefore advised to first articulate 

dedicated Industry 4.0 implementation strategies that can then act as the foundation upon which 
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these projects can be built and connected (McKinsey 2018). Our findings suggest that day-to-

day business and current success seem to be the natural enemy of dedicated Industry 4.0 

strategies. Mangers and companies, consequently, need to resist the temptation of treating 

Industry 4.0 like spare-time work.  

Another key finding that emerged from our analysis was that the continuously growing 

number of available Industry 4.0 software and hardware solutions introduce a major problem 

for managers. Against the background of missing industry standards and a lack of data 

ownership regulations, managing the increasing expectations of customers and suppliers 

becomes even more demanding. Offering new data-driven services and integrating new 

technologies in existing IT infrastructures require a significant amount of research in terms of 

compatibility and the value of data that will be shared. In that context, the findings that emerged 

from the key factor “Corporate and Institutional Cooperation” suggest that managers need to 

encourage cooperation with research institutes, Industry 4.0 initiatives, and even competitors 

in order to actively manage missing standards and regulations. Moreover, our findings also 

indicate that the form of cooperation within companies will change dramatically as a result of 

moving towards Industry 4.0. Smart Factories and Smart Products require cooperation between 

different disciplines and professions, further reshaping the role of managers who increasingly 

need to mediate between different parties. Likewise, our findings indicate that this diplomatic 

responsibility will also be crucial when companies decide to develop new solutions and 

standards with other institutions.  

Finally, the findings of this study strengthen the idea that managers not only need to 

manage the implementation of Industry 4.0 technologies and concepts, but also the 

implementation of an internal learning infrastructure that is capable of continuously preparing 

the existing workforce for the changes induced by Industry 4.0. As highlighted by other studies 
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and confirmed by our own findings emerging from the factor “Available Knowledge and 

Education”, the availability of qualified personal and the ability of the education system to 

serve the fast-evolving needs of an increasingly digitalised economy are factors that managers 

cannot rely on (Kadir and Broberg 2021; Kipper et al. 2021). Therefore, to mitigate the risk of 

slowing down the transition due to a lack of qualified personnel, our findings suggest that this 

challenge must be approached strategically and with the same rigour as the other identified key 

areas.  

3.6.2 Future Work and Limitations  

While this study was able to identify and discuss a set of key factors, several questions still 

remain to be answered. First, and most importantly, the dynamic relationship between the key 

and other factors needs to be further examined. Our findings indicate an existing relationship 

between certain factors. For example, cooperation was mentioned as the key factor to solve the 

problems caused by the lack of IT standards. Second, the findings regarding factor “Company 

Size” remain inconclusive as the factor received the lowest ALI score whilst being among the 

top five discussed factors in the expert interviews. Interestingly, in our previous study, we noted 

that there are contradicting findings in the literature regarding the question of whether the size 

of the company matters when it comes to implementing Industry 4.0; this factor needs to be 

investigated further. Third, an additional factor emerged from our data analysis: “Attitude and 

Mindset”. This factor addresses how companies view Industry 4.0 and how they approach 

change. The impact and the perceived importance of this factor, therefore, need to be further 

assessed. Finally, despite not being among the top five, the factors “Political Support”, “IT-

Infrastructure Maturity”, and “Internal Knowledge and Skills Development” still received a 

high score in at least one of the datasets, which is why they should not be excluded in future 
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studies.  

In terms of limitations, the number of participants was below our expectations (n=140). 

Therefore, caution must be applied when it comes to differences between groups regarding the 

perceived importance of the presented factors. Due to the fact that Industry 4.0 is still a 

relatively new phenomenon, finding participants that share the required characteristics 

represented a major challenge. As Industry 4.0 becomes more established, future studies, 

therefore, should aim for larger samples sizes, as we expect that more differences between the 

analysed groups exist. Furthermore, our data collection period ended two months before the 

outbreak of COVID-19. Potential changes in how practitioners view the importance of certain 

factors as a result of new economic developments were not included in the present study. 

Finally, the findings are based on the subjective perception of our study participants, 

introducing possibilistic uncertainty. While our overall findings are based on three independent 

data sources to reduce this type of uncertainty, future studies should not just focus on larger 

sample sizes to investigate the changing importance of the factors as a result of different 

participant backgrounds and implementation scenarios, but also to further examine the overall 

importance of the presented factors.  
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Abstract: 

Based on the utilisation of new technologies that connect all entities within and beyond an 

organisation, the concept of Industry 4.0 provides companies with the technological and 

theoretical means to enhance data-driven decision-making procedures, thereby allowing 

companies to achieve higher productivity, flexibility and efficiency. In order to facilitate the 

transformation process, several studies have identified some of the factors that need to be 

considered when implementing Industry 4.0. However, the dynamic relationship between these 

factors has yet to be understood and addressed in order to provide companies with the in-depth 

knowledge needed to effectively manage the transition. Recent investigations have repeatably 

demonstrated that most corporations fail to implement the concept on a broader level beyond 

isolated projects. The principal aim of our research is therefore to map out the complex 

relationships between the previously identified Industry 4.0 implementation factors, by 

adapting a novel approach that combines network analysis with the adoption of causal loop 

diagrams. The construction of the causal loop diagram is based on the insights gathered from 

in-depth interviews with Industry 4.0 experts working for corporations, governmental 

organisations and research institutes. Results show that the roles of Industry 4.0 implementation 

factors are not static, and what role they play depends on their position in the network and 

centrality measures, complementing the findings of previous investigations about the drivers of 

change. Furthermore, our findings indicate that multiple intervention points exist, shedding 

more light on how to develop more effective implementation strategies.  
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4.1 Introduction 

In early 2000, Mendelson (2000) discussed the increasing importance of corporations being 

able to process data collected from internal and external environments, allowing them to 

improve their decision-making and their reaction time with respect to internal and external 

changes. Eleven years later, Industry 4.0 was born—a worldwide recognised concept that 

builds on that very principle (Kagermann et al. 2013, Lasi et al. 2014). Industry 4.0 is often 

associated with a number of key technologies such as artificial intelligence (AI), cyber-physical 

systems (CPS), and big data (Dalenogare et al. 2018, Raj et al. 2019). However, at its core, 

Industry 4.0 is a concept that promises to transform entire business models and the way goods 

are developed, produced, and distributed. The aforementioned technologies are therefore not 

what constitutes Industry 4.0, but what allows the essential concept of Industry 4.0 to be put 

into practice (Calabrese et al. 2021, Castelo-Branco et al. 2019b, Da Silva et al. 2020). This 

concept is about connecting as many entities as possible, such as machines and sensors, within 

and beyond an organisation to process and channel the resulting stream of information to 

augment the decision-making capabilities of workers and entire factories, including their 

customers and suppliers. Consequently, Industry 4.0-related technologies are needed to 

connect devices, to process information and to increase the pace as well as the accuracy of 

companies’ decision-making processes both on micro and macro levels (Bai et al. 2020, 

Kagermann et al. 2013, Vaidya et al. 2018). Given this upcoming paradigm shift, it is no 

surprise that governments and corporations around the world have started to invest in the 

concept in order to cement and even further extend their competitive advantage (Lee et al. 

2018, Lin et al. 2018). However, previous research has established that the transition towards 



 

127 

 

Industry 4.0 is complex and that companies are still struggling with implementation (Hirsch-

Kreinsen 2016, Raj et al. 2020, Staufen AG 2019). As a result, there is a growing body of 

literature that tries to identify potential implementation barriers and ways to overcome them 

instead of solely focusing on the potential of Industry 4.0 technologies (Müller, Kiel, and Voigt 

2018, Stentoft et al. 2021). 

In the beginning, Industry 4.0 research was predominantly geared towards the special 

characteristics of the manufacturing sector, but then more and more studies started discussing 

its usefulness in other areas. This research trend can also be observed for other manufacturing 

philosophies, such as lean manufacturing (Buer et al. 2018, Distelhorst et al. 2017, Santos et 

al. 2015). Therefore, since its inception in 2011, the scientific field of Industry 4.0 has been in 

constant motion. Besides becoming more diverse with respect to its usability beyond the 

manufacturing sector, the field has also moved away from a purely technological approach to 

solve Industry 4.0 implementation related issues, towards an approach that considers other 

factors as equally important. Thus, instead of simply assessing which Industry 4.0 technologies 

can help companies to become more efficient and flexible, a number of studies have brought 

forward the idea that a successful implementation of the Industry 4.0 concept and technologies 

depends on a number of factors, such as how companies train their workforce and in which 

ways they perceive Industry 4.0 as beneficial (Cimini et al. 2021, Cugno et al. 2021, Raj et al. 

2019). Initially, most of these implementation factors were discussed in isolation, without 

considering how their causal relationship to other factors might influence the overall 

implementation process. However, the field has recently started to shift again, with more 

studies indicating that certain implementation factors exert influence on other factors (Bakhtari 

et al. 2021). For example, the findings of Cimini et al. (2021) demonstrated that the introduction 

of new Industry 4.0 technologies can have an impact on how companies organise and train their 
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workforce. In a similar vein, Büchi et al. (2020) showed how more openness, with respect to 

how companies use their IT infrastructure, improves the way companies seize opportunities.  

Findings like these illustrate the risks involved in not recognising the underlying 

dynamic relationship between Industry 4.0 implementation factors. Recommending 

corporations to focus on a given set of factors without providing them with a deeper grasp of 

how these factors interact with others may lead to false expectations and ineffective or 

incomplete implementation strategies (Bakhtari et al. 2021, Calabrese et al. 2021). Although 

previous investigations have acknowledged this issue, research has yet to systematically study 

the complexity that arises from the interdisciplinary nature of the Industry research field, 4.0 

as well as the multicausality of the implementation factors (Hoyer et al. 2020). Hence, this 

study sets out to obtain a more comprehensive understanding of the multicausal relationship 

between previously identified and well-studied Industry 4.0 implementation factors. 

Furthermore, we seek to explore how the roles and the individual importance of factors change 

when considered as part of a larger network of implementation factors instead of examined 

individually.  

To account for the interdisciplinary DNA of Industry 4.0 and its implementation, we 

apply systems thinking by developing a causal loop diagram (CLD) based on the findings of 

our previously published systematic literature review and semi-structured interviews that we 

conducted with Industry 4.0 experts to learn more about the relationship between the factors 

which emerged as critical for Industry 4.0. We then analyse the characteristics of the CLD with 

the help of network theory to learn more about the characteristics of the network and the roles 

of the implementation factors within that network.  
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The remaining part of this study is organised as follows: Section 2 further discusses the 

application of systems thinking in the field of Industry 4.0. Our research approach, including 

the acquisition of data, is outlined in Section 3. Along with the numerical results from our 

network analysis, we present the final CLD, including identified feedback loops, in Section 4. 

We then continue discussing the key findings of the study in Section 5, before we conclude the 

study and outline suggestions for future research in Section 6. 

4.2 Systems Thinking and the Implementation of Industry 4.0 

The existing body of knowledge on Industry 4.0 suggests that the reasons for its complexity 

are manifold. From a technological perspective, the concept of Industry 4.0 requires 

organisations to make decisions based on an increasing amount of data shared and processed 

by a growing number of smart devices (Hoyer et al. 2020, Kagermann et al. 2013, Sjödin et al. 

2018). However, as advocated by Whysall et al. (2019) and Freixanet et al. (2020), this 

continuing technological evolution creates a gap between what technologies can achieve and 

the competencies required by employees to work effectively in such an evolving environment, 

adding another layer of complexity to the implementation of Industry 4.0.  What is more, 

Oliveira et al. (2020) argued that this internal perspective of complexity with respect to 

adapting Industry 4.0 must be extended, as the implementation process interacts with external 

factors such as economic growth and human capital. Hou et al. (2020) argued that these 

different elements of complexity inherent to Industry 4.0 must interact seamlessly to achieve a 

successful implementation process. 

Although numerous approaches exist to address, evaluate, and comprehend complexity, 

all of the authors mentioned above regard systems thinking as the most promising among them 

in the context of Industry 4.0. Due to its flexibility, systems thinking has also been employed 
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in other scientific disciplines such as neuro sciences, education and management (Jonker and 

Karapetrovic 2004, Mahaffy et al. 2019, Uleman et al. 2021). As pointed out by McGlashan et 

al. (2016), systems science offers a wide range of qualitative techniques to capture the shared 

understanding of a given topic, and a variety of quantitative methods to generate simulations 

(Berry et al. 2018). Similarly, Kenzie et al. (2018) referred to systems thinking as an 

appropriate tool for the synthesis of information gathered from different stakeholders and 

disciplines with the goal to develop a model that reflects their shared understanding of a 

complex system. This model can also help to identify gaps in theoretical and empirical 

knowledge that need to be addressed in future research (Cabrera et al. 2008, Jones et al. 2011).  

One specific and validated systems thinking tool that helps to visualise the synthesis of 

the shared understanding of a complex phenomenon is the CLD (Roberts 1978, Spector et al. 

2001). In the present study, we use this tool to map out the causal relationship between Industry 

4.0 implementation factors based on the shared understanding of Industry 4.0 experts with 

various backgrounds. More specifically, we aim to develop a visual grounded model that 

illustrates the dynamic relationship between Industry 4.0 implementation factors, by showing 

the direction of each relationship as well as whether a given factor either exerts a positive or 

negative influence on another factor. Both polarity as well as the direction of a causal 

relationship are based on the statements of our interview participants. 

Therefore, to construct the CLD, we conduct semi structured interviews with Industry 

4.0 experts with various Industry 4.0 backgrounds. In that context, we focus on interview 

participants who are also engaged with Industry 4.0-related activities such as working on 

Industry 4.0 initiatives. In a similar vein, our previously conducted systematic review drew 

from a wide spectrum of different Industry 4.0 studies, reflecting what is known about the 

implementation factors according to the existing body of Industry 4.0 literature. 
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4.3 Methods 

To gain a better understanding of the relationships between the previously investigated 

implementation factors, we developed a three-stage research approach. First, based on the 

results of our systematic literature review and the findings of our Industry 4.0 survey of 

practitioners, we conducted interviews with Industry 4.0 experts to learn more about the factors 

themselves and the relationship between them. Second, based on their explanations, we used 

the program Vensim PLE 8.2.1 to visualise the connections between the factors. Finally, we 

identified causal loops and used NetworkX for Python and Gephi 0.9.2 to analyse the overall 

structure of the CLD, which was interpreted as a directed network based on the studies of 

Uleman et al. (2021) and McGlashan et al. (2016). 

4.3.1 Expert Interviews 

Many studies have explored which factors are crucial to consider when it comes to 

implementing Industry 4.0 (Lin et al. 2018, Müller, Kiel, and Voigt 2018). In our previous 

investigations, we synthesised this knowledge through a systematic literature review and 

conducted a survey to measure the perceived importance of each identified factor. However, 

these investigations were not able to draw reliable conclusions with respect to the potential 

relationship between the identified factors. Therefore, in the current study, we chose a 

qualitative approach to gain a deeper understanding of the various facets of the implementation 

factors and their interconnectedness. To allow each participant to fully express their thoughts 

and ideas, we decided to adopt the semi-structured interview method. As pointed out by Adams 

(2015), semi-structured interviews are suitable for adding depth to quantitative examinations 

such as survey findings, which typically struggle to ask open questions that can put quantitative 

findings into a broader perspective, and therefore well aligned with our research objectives.  
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In our interviews, we asked participants to discuss the Industry 4.0 implementation factors that 

they consider crucial. After asking them why they think these factors are important, we asked 

them if there were any other factors they would like to discuss, before we proceeded with 

asking them about the relationship between the factors they mentioned. However, in order to 

make them feel more comfortable, we opened each interview with questions about the 

participants’ experience with Industry 4.0 and how they would define it (Adams 2015). 

Following the recommendation of McIntosh and Morse (2015), every question was asked in 

the same way and in the depicted order to ensure replicability between interviews. Whenever 

a participant talked about a relationship between factors or the importance of a specific factor, 

we gave them the opportunity to elaborate by inviting them to share more details. On average, 

each interview lasted 55 minutes. 

A number of criteria were considered when selecting the participants for our interviews. 

Due to the multifaceted nature of Industry 4.0, our goal was to interview experts with a wide 

spectrum of Industry 4.0 knowledge and experience (Bartodziej 2017, Bogner et al. 2009, Lee 

et al. 2018). We build upon the approach of Bartodziej (2017) who distinguished between 

specialists and experts by the number of Industry 4.0 technologies they worked with. In the 

following paragraph, we will describe the selection criteria we added to this approach. 

First, to qualify as an expert, the number of Industry 4.0 technologies they have worked 

with was not considered the main factor. Instead, our main focus was on finding experts who 

experienced in implementing Industry 4.0. Consequently, the study was not limited to 

participants with an industry background, as the implementation of Industry 4.0 takes place at 

different levels (Luthra and Mangla 2018, Raman and Rathakrishnan 2019, Sung 2017). For 

example, a number of initiatives and government support programs exist to promote the 

implementation of Industry 4.0. In that context, participants working for the government, 
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researchers conducting research on the implementation of Industry 4.0, and managers working 

on Industry 4.0 initiatives were equally considered for our study, as long as they fulfilled the 

remaining selection criteria. Second, we specifically looked for participants with more than 

five years of experience with Industry 4.0 projects in a leading position with the assumption 

that they would have solved problems that were not only limited to technological issues. Third, 

we prioritised participants engaged with Industry 4.0 beyond their profession. This includes 

being part of Industry 4.0 committees, initiatives, and associations.  

To find suitable candidates, we used the database of the Hanover Industrial Fair, due to 

its significance in the field of Industry 4.0, as well as other databases that provided publicly 

accessible information, such as the webpage “Plattform Industrie 4.0”. These databases 

provided lists of keynote speakers, presentations, seminars and projects focusing on Industry 

4.0. We selected and contacted 30 suitable candidates after cross-checking their profiles with 

the help of additional publicly available information, such as company webpages; 16 agreed to 

an interview. Following the recommendations of Symon and Cassell (2012), we considered 

this number sufficient, taking into account that we had two additional sources of data with 

which we could compare the results. At the time of the interviews, 9 participants worked for a 

corporation, 4 worked for an Industry 4.0-related initiative, and 3 worked as university 

researchers. All of our participants fulfilled all of our criteria. 

After transcribing the audio recorded interviews, we used thematic analysis to identify 

emerging themes with respect to the implementation factors. We used the findings of our 

systematic literature review to classify the implementation factors and added new factors to the 

list when a factor that was discussed by one or more participants did not match the description 

of our systematic synthesis. The analysis comprised three steps. In the first step, we followed 

the interviews and captured emerging themes and relationships with the program Nvivo 12, 
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which not only allowed us to capture themes, but also the relationship between them. Then, we 

further analysed and discussed the emerging themes to merge similar codes and connections. 

In the third step, we compared the emerged themes, sub-themes, and connections with the 

findings of our systematic literature review again. The final list of themes was then used to 

design the CLD. 

4.3.2 Causal Loop Diagram 

Causal loop diagrams were designed to visualise how variables are interconnected in a given 

system, thereby helping to elicit the mental models of groups and/or individuals. From 

understanding the complexity of the COVID-19 pandemic to comprehending policy 

intervention, CLDs have been used to examine a variety of complex systems (Roxas et al. 2019, 

Sahin et al. 2020).  

The goal of the present study is to better understand the complex relationship between 

Industry 4.0 implementation factors by developing a CLD that is based on the experience of 

Industry 4.0 experts, combined with the insights of a previously conducted systematic literature 

review and a survey distributed among Industry 4.0 practitioners.  

Based on the responses of our interview partners, we used the program Vensim to draw 

the causal connection between the identified implementation factors. These connections are 

represented by directed arrows, whereby solid lines show positive causal relationships and 

dotted lines show negative causal relationships. A positive causal connection indicates that if 

a causal factor, “A”, moves in one direction, the factor it is connected to, “B”, moves in the 

same direction. In contrast, if a connection is negative, an increase of A results in a decrease 

of B (Kiani et al. 2009, Uleman et al. 2021).  
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After drawing the connections, we continued with the identification of feedback loops. 

These feedback loops are indicators for a sequence of change that can further amplify the 

original momentum (reinforcing feedback loops) or push back against it (balancing feedback 

loops). For example, if a product gets positive reviews, sales increase which further increases 

the number of positives reviews, therefore reinforcing the initial impulse of change. On the 

other hand, balancing feedback loops imply a self-regulating behaviour. For example, while 

hunger increases the consumption of food, the consumption of food decreases the feeling of 

being hungry. Reinforcing and balancing sequences are initiated by introducing change to one 

factor whereby the sequences of change can go through an unlimited number of factors (Kiani 

et al. 2009). When it comes to Industry 4.0 implementation factors, it might be particularly 

important to identify reinforcing feedback loops that introduce positive change to the system 

and thereby make an effective implementation of Industry 4.0 more likely. Balancing feedback 

loops, on the other hand, can be crucial when it comes to targeting factors with a negative 

influence, such as the potential job loss anxiety of employees.  

In our systematic literature review, we distinguished between internal and external 

implementation factors to account for the fact that some of the identified implementation 

factors are under the direct control of corporations that want to implement Industry 4.0, 

whereas other factors such as “Political Support” cannot be directly influenced by corporations. 

We integrated that categorisation into our CLD to be able to identify feedback loops that 

include internal as well as external implementation factors, therefore offering a new perspective 

that has not been discussed in the field of Industry 4.0 yet. For example, these cross-scale 

feedback loops can help to further understand why Industry 4.0 support programs are not able 

to directly address the barriers corporations face, as recently observed by Cugno et al. (2021). 

In contrast, we referred to feedback loops that either comprise internal or external 
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implementation factors as “within scale”. We adopted this approach from the investigation of 

Uleman et al. (2021), who also differentiated between direct and indirect loops. Direct feedback 

loops consist of two implementation factors, whereas indirect feedback loops consist of more 

than two implementation factors. 

4.3.3 Network Analysis  

In 2016, McGlashan et al. (2016) demonstrated how quantitative network analysis can be used 

to examine the structure of a CLD to learn more about its properties and the underlying 

dynamics between the variables in the system. This approach was then adopted and further 

refined by Uleman et al. (2021), who added additional steps to the analysis to study the 

robustness of their CLD. For the present study, we build on both approaches to analyse the 

relationship between the previously identified and examined Industry 4.0 implementation 

factors. In the following section, we describe the measures and techniques used to analyse the 

CLD and test its robustness.  

4.3.3.1 Structural Metrics 

Structural metrics are used to describe the overall topology of the network and can help to 

better understand how change in one factor might cause change in other factors (Hansen et al. 

2011, McGlashan et al. 2016).  

“Network Density” (ND) is a measure that shows the fractions of connection between 

the “Actual Number of Implementation Factors” in the CLD (AC) relative to the “Maximum 

Possible Number of Connections Between the Factors” (PC), where n represents the number 

of factors. The higher the density, in other words, the closer the actual number of connections 

between factors gets to the theoretical maximum number of possible connections, the higher 

the chance that introducing change to one factor will cause change in other parts of the network. 
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As a consequence, the lower the density of a given network, the more intervention points need 

to be identified and targeted in order to cause change in other factors and parts of the network 

(McGlashan et al. 2016, Metcalf and Casey 2016).   

𝑃𝐶 = 𝑛
𝑛−1

2
; 𝑁𝐷 =  

𝐴𝐶

𝐷𝐶
(1)   

The “Degree Distributions” simply refers to the number of directed causal connections 

leading to or exiting a given factor. The degree distribution is, therefore, divided into in-degree 

distribution and out-degree distribution and shows the level of involvement of a given factor 

in the network. As argued by McGlashan et al. (2016), this means that factors with a high in-

degree and/or out-degree can serve as important hubs in the network from which change can 

be initiated due to their interconnectedness. 

The “Average Path Length” (L) depicts the smallest number of connections between 

any given implementation factors in the network. The distance 𝑑𝑖𝑗 between two chosen factors 

i and j includes all directed connection on the shortest path in the network between these two 

factors. If there is no connection between a pair of factors, then 𝑑𝑖𝑗 = N (Xiong 2012). The 

average path length is a strong indicator of how efficiently change spreads from one factor to 

the other. Consequently, less effort is necessary to spread change from one factor to others 

when the average path length is small (McGlashan et al. 2016).      

𝐿 =
1

𝑁(𝑁 − 1)
 ∑ −

𝑁

𝑖𝑗=1,   𝑖 ≠ 𝑗
𝑑𝑖𝑗

(2)  

“Network Modularity” is a measure that helps to identify clusters in the network and 

shows their level of segregation. Therefore, if a given network exhibits a high level of 

modularity, clusters should be targeted individually to introduce change, and factors with high 

betweenness centrality (BC) should be targeted to spill over change from one cluster to another  
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(McGlashan et al. 2016). To calculate the modularity of the CLD, we used the algorithm 

proposed by Blondel et al. (2008), which is based on the approach developed by Leicht and 

Newman (2008). In a partition of a directed network, the modularity 𝑄𝑑 is defined as follows:  

𝑄𝑑 =
1

𝑚
∑ [𝐴𝑖𝑗 −

𝑑𝑖
𝑖𝑛𝑑𝑗

𝑜𝑢𝑡

𝑚
]

𝑖,𝑗

𝛿(𝑐𝑖, 𝑐𝑗) (3)  

𝐴𝑖𝑗 stands for the existing connection between two chosen factors i and j, whereas 𝑑𝑖
𝑖𝑛 

and 𝑑𝑗
𝑜𝑢𝑡stand for the in- and out degree of i and j respectively. The variable m represents the 

number of connections within the network and 𝑐𝑖 is defined as the cluster the factor i belongs 

to (Blondel et al. 2008, Leicht and Newman 2008).  

4.3.3.2 Network Centrality Measures  

While structural measures provide insight into the general topology of the entire network, 

centrality measures can reveal the importance of each factor in the network. However, 

depending on the centrality measure applied, importance has a different meaning. Following 

the approaches of McGlashan et al. (2016) and Uleman et al. (2021), we focused on 

“Betweenness Centrality” BC and “Closeness Centrality” (CC) to identify factors that either 

lie on and/or have the shortest paths in the network.  

The importance of high BC factors arises from their potential to act as a bridge between 

other factors and clusters in the network (Ahmed 2017, Uleman et al. 2021). It shows how 

many times a factor can be found on the shortest path between other factor in the network. 

Therefore, the more often a given factors lies on the shortest paths between other factors, the 

more that factor can be used to mediate the flow of information within the network (Hansen et 

al. 2019, McGlashan et al. 2016). The BC for a chosen factor v, is calculated as followed:  
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𝐵𝐶𝑣 =
1

(𝑁 − 1)(𝑁 − 2)
∑

𝜎(𝑠, 𝑡|𝑣)

𝜎(𝑠, 𝑡)
𝑠,𝑡

 (4) 

𝑁 represents the total number implementation factors within the network, whereas 

𝜎(𝑠, 𝑡) is defined as the total number of shortest paths between two chosen factors 𝑠 and 𝑡. The 

expression 𝜎(𝑠, 𝑡|𝑣) stands for the number of shortest paths going through factor 𝑣 (Hansen et 

al. 2019, Uleman et al. 2021). 

In contrast to betweenness centrality, closeness centrality measures how close each 

factor is to other factors in the network. It can therefore help to identify factors that influence 

the entire network at the highest speed. In that context, Uleman et al. (2021) and McGlashan 

et al. (2016) recommended using this measure to identify efficient spreaders of information 

that can be used to initiate potential interventions. However, in high density networks, variables 

have similar CC scores, making the measure less effective (Ahmed 2017, Hansen et al. 2019). 

The CC of a chosen variable 𝑣 is calculated as follows: 

𝐶𝐶𝑣 = (𝑛 − 1)
1

∑ 𝑑(𝑣, 𝑢)𝑛−1
𝑢=1

(5) 

The number of reachable factors in the network is represented by (𝑛 − 1), whereas 

𝑑(𝑣, 𝑢) is defined as the distance of the shortest path from a chosen factor 𝑣 to 𝑢. After 

calculating the shortest paths between all the factors in the network, a score is assigned to each 

implementation factor with respect to the number of its shortest paths (Hansen et al. 2019). 

4.3.3.3 Robustness Test 

To test the structural robustness of the centrality measures, we adopted the approach that was 

recently proposed by Uleman et al. (2021). In their study, they created mutated CLDs by 

introducing five random mutations to the connections between the variables in the network. 

These mutations were equiprobably implemented by rewiring the connection between a 

random set of factors and by randomly adding new connections to the adjacency matrix of the 
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CLD. Similarly, existing connections can be randomly removed from the CLD. For example, 

instead of A having a directed connection to B, the connection can be either removed entirely 

from the CLD or changed to a new connection where A directly connects to C. Furthermore, a 

not already existing connection between two factors can be added to the CLD.  

Following this method, we created 300 mutated CLDs by introducing five random 

changes to the final adjacency matrix of the CLD, as described above, in order to test the 

robustness of the centrality measures to random perturbations. This test was done by 

calculating the centrality measures of each of the mutated CLDs. These measures were then 

used to calculate the interquartile ranges of each factor’s CC and BC to construct error bars 

(Uleman et al. 2021). 

4.4 Results 

Table 13 portrays the factor relationships that emerged from the analysis of the qualitative data 

obtained from a set of 16 interviews. As previously described in the methods section, out of 

the 13 initial factors that have been mentioned as part of a relationship with other factors, 10 

factors have been further divided into sub-themes to illustrate which specific facet of a given 

factor was addressed by the interviewees. For example, we broke down the factor “Perceived 

Implementation Benefits” into three sub-themes as some interviewees were specifically 

referring to an organisation’s desire to improve their efficiency with the implementation of 

Industry 4.0, while others were referring to the opportunity of creating new business models 

when discussing its impact on other factors. Table 13 shows the resulting sub-themes that 

emerged from the interviews and that have been used to construct the final CLD (Error! R

eference source not found.), whereby n shows how many times a given factor was mentioned 

in connection with other factors. 
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Table 13. Implementation Factors integrated into the CLD 

Sub-Themes n Sub-Themes n 

        

1. Political Support 42 7. Perceived Implementation Benefits  60 

    7.1 New Business Models   

2.1 IT-Standardization 32 7.2 Need for New Technologies   

2.2 Data Ownership and Privacy Rules   7.3 Improving Productivity and Efficiency   

2.3 Broad Band and 5G Expansion       

    08. Strategic Consideration 27 

3. Corporate and Institutional 

Cooperation 57      

3.1 Availability of Cooperation Platforms   9. IT-Infrastructure Maturity 19 

3.2 Inter-Institutional Cooperation       

    

10. Internal Knowledge and Skills 

Development 17  

04. Cost Assessment and Available 

Funding Options  21 10.1 Industry 4.0 Related Skill Promotion   

4.1 Cost of Transition   10.2 Internal HR Capacity   

4.2 Financial Support and Initiatives       

4.3 Financial Support for I.4.0. Initiatives   11. Lean Manufacturing Experience 6  

    11.1 Lean Performance   

05. Available Knowledge and Education  39 11.2 Lean Experience   

5.1 Availability of Skilled Workers       

5.2 Education System   12. Occupational Health and Safety  4 

5.3 Availability of Industry 4.0 Knowledge   12.1. Safety and Job Loss Anxiety    

        

06. Pressure to adapt  19 13. Attitude and Mindset  15 

6.1 Market Pressure to Adapt Industry 4.0   13.1 Openness to Change and Cooperation   

6.2 Customer Demand for Current   13.2 Scepticism Towards Change   

 

Overall, we consider the inclusion of 25 factors into the CLD appropriate, highlighting 

the 65 existing connections between them. As discussed in the previous section, we divided the 

CLD into two clusters based on our findings from the systematic literature review (Hoyer et al. 

2020).
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Figure 11. Industry 4.0 Implementation Factors CLD: Internal Factors are in green and external factors are in orange
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4.4.1 Causal Loop Diagram Structure  

The density of the final network is 0.1, meaning that the network contains 10% of all the 

possible edges if all the nodes in the network were completely interconnected. As pointed out 

by Uleman et al. (2021), this sparse network topology demands a more strategic approach when 

it comes to identifying  and using potential leverage-critical points in the system. This notion 

is supported by McGlashan et al. (2016) who argued that compared to dense networks, sparse 

networks are more likely to require multiple points of intervention in order to introduce change 

in the overall system.  One important reason for this can be explained by the so called “bus 

factor”, which refers to the potential decrease of a given network’s overall efficiency as well 

as its capability of sharing information after certain nodes have been removed from the system 

(Coplien and Harrison 2004). Sparse networks are more vulnerable to this problem, as with 

decreasing density, the number of alternative routes from one node to another decreases 

accordingly. With respect to the implementation of Industry 4.0, this could mean that not taking 

into consideration certain key factors can lead to a more challenging and less efficient transition 

towards Industry 4.0. This can eventuate if the ignored factor(s) potentially has the only 

connection to a key factor with a strong impact on a desired outcome produced by the overall 

system. 

Consequently, the overall importance of an Industry 4.0 implementation factor should 

also be determined through the role that this would play in the overall network in a specific 

outcome context. This finding supports the paper’s aim of offering a broader understanding of 

Industry 4.0, something the literature has been calling for (Cimini et al. 2021, Kagermann et 

al. 2013, Li 2020). However, it is important to note that while the low density of the network 

requires more attention and planning when it comes to finding the optimal implementation 

strategy, it can also be argued that the low density is an indicator of the robustness of the overall 
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CLD. In this context, Uleman et al. (2021) mentioned that although all factors in a CLD are 

indirectly connected through a common theme, only direct causal relationships should be 

included. 

The observed average path length in the CLD is 3.518, meaning that the average causal 

distance between two factors is 3.518 connections. Consequently, almost all implementation 

factors are interconnected within a short number of edges, indicating a smooth flow of 

information. However, the diameter of the network shows that the longest distance between 

two factors in the network is 8 causal connections.  

 

Figure 12. Network Modularity and Centrality Analysis (each cluster is shown in a different colour) 

As described in the methods section, we used the algorithm proposed by Blondel et al. (2008), 

incorporated in our used network analysis tool. We calculated a modularity of 0.332, indicating 

that different clusters within the network exist. Upon further analysis, we identified three 
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clusters, which are shown in Figure 12. Interestingly, while there are two main clusters that 

reflect the exact division between internal and external implementation factors, a third cluster 

was identified. This cluster builds a sub-cluster within the internal cluster and seems to 

comprise implementation factors that are more relevant for the operational aspects of Industry 

4.0 such as “Lean Performance” and “Improving Productivity and Efficiency”. 

 

Figure 13. Distribution of Factor In- and Out-Degree 

The degree distributions as well as the individual in- and out-degree values are shown 

in Figure 13. In both cases, the degrees range from 0 to 9 with most factors having a degree of 

2. Similarly, in both cases, only a few larger hubs can be observed, leading to a heavy-tailed 

degree distribution (Hansen et al. 2019, Metcalf and Casey 2016). Moreover, only one factor 

was found to not have an impact on at least one other factor. As stated by McGlashan et al. 

(2016), factors with an out-degree of 0 are less likely to occur than factors with an in-degree 

of 0, as shown in the presented CLD.   

4.4.2 Variable Centrality 

The network analysis returned the highest BC for the factor “IT-Infrastructure Maturity” 

(Figure 14). Therefore, it lies directly on the shortest path that connects various factors with 

each other (Hansen et al. 2011, Hansen et al. 2019, Layton and Watters 2015). A closer look 

reveals that the factor seems to act as a bridge between the inner workings of corporations and 

the factors that have a more strategic component, such as the creation of new business models. 
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Therefore, despite its comparatively low individual reference score (Table 13) in combination 

with other factors, the analysis shows that its importance changes when the implementation of 

Industry 4.0 is considered as a complex system. In fact, the connection between “IT-

Infrastructure Maturity” and “Perceived Implementation Benefits” was found to be the 

connection that Industry 4.0 experts most referred to, indicating that the execution of 

implementation plans is connected to the capabilities of the local infrastructure. As one expert 

stated: “This topic is essential for us. The better and the more efficiently our machines our 

connected with each other based on an overarching system solution, the better we can survive 

on the market.”  

In the same vein, “Inter-Institutional Cooperation” may have a similar role, acting as a 

junction between internal and external implementation factors. Its high BC indicates that in 

order to have a strong impact on corporations from the outside and vice versa, “Inter-

Institutional Cooperation” may offer the most efficient paths to achieve these goals. The fact 

that this factor also has the highest CC is one of the most striking results found, as it strengthens 

the idea that cooperation represents a crucial platform through which both corporations and 

outside parties can address key issues related to Industry 4.0 across internal and external 

boundaries. Consequently, the factor not only sits on a number of shortest paths between 

external and internal factors, but it also shows that “Inter-Institutional Cooperation” is very 

close to all other factors in the network, making it crucial for implementation strategies. 

According to network theory, this, on average, short distance to other factors in the network 

gives cooperation a position from which information spreads quickly (McKnight 2014). For 

the implementation of Industry 4.0, this result not only indicates that cooperation is often part 

of the solution when it comes to implementing Industry 4.0 effectively, but may also indicate 

that cooperation is a promising starting point for Industry 4.0 strategies (Hansen et al. 2019, 
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McGlashan et al. 2016). Commenting on the overall importance of inter-institutional 

cooperation, one expert said: “I believe that cooperation between corporations, governmental 

institutions, scientific institutions as well as labour unions can help to achieve a smoother 

transition towards Industry 4.0 compared to the second and the third industrial revolution.” 

While cooperation was amongst the seven most important factors in our previous investigation, 

six other implementation factors, such as “Perceived Benefits” and “Strategic Consideration” 

were considered significantly more important. Similarly, in recent implementation studies that, 

among other things, investigated Industry 4.0 readiness or identified potential barriers, 

cooperation was not, if at all, acknowledged as a key factor. This discrepancy between existing 

studies and our results might be due to the perspective offered by the network analysis that is 

offered by the network analysis that accounts for the complexity of implementing Industry 4.0 

and the potential relationship between the identified factors. 

Besides cooperation, the factors “Openness to Change”, “Political Support” and “IT-

Standardization” emerged from the analysis as key factors with high CC, indicating on the one 

hand that from a corporation’s perspective, incorporating measures that encourage an open 

mindset towards Industry 4.0 may be the strongest leverage point in terms of having an impact 

on as many implementation factors as possible. Or as one of the interviewee put it: “If we don't 

find a way to be more open towards Industry 4.0, our chance to lose increases drastically”. 

On the other hand, our findings further verify the results of a wide range of studies that 

have argued that the standardisation of IT solutions and communication protocols are a base 

condition for realising a successful and efficient Industry 4.0 implementation (Abele et al. 

2015, p. 153, Benzerga et al. 2018, p. 69, Khan and Turowski 2016, p. 445). One expert alluded 

to the notion that most companies have to ask themselves two basic questions when it comes 
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to the state of their IT-infrastructure: “Which language does it speak and what can be done 

with it”.  

Elaborating now on the factor “Political Support”, the results show that despite its high 

CC, it has a BC of 0, indicating that the factor can have a significant impact on the system, 

while changes in the system do not impact the factor itself. Although it is a widely-held view 

that political institutions play an important role when it comes to Industry 4.0, our findings 

may offer an additional explanation as to why the support of political institutions is crucial. Its 

exogenous nature combined with a high CC suggests that the factor has many and short 

connections to other influential factors in the network, therefore taking a special role when it 

comes to trigger change (Metcalf and Casey 2016, Uleman et al. 2021). Most experts 

emphasised how political initiatives can encourage corporations to implement Industry 4.0. For 

example, one interviewee stated: “Industry 4.0 spread across the entire globe thanks to the 

involvement of governments. Even in China, where the concept was directly incorporated in 

their China 2025 strategy. This provided good momentum for corporations to invest in Industry 

4.0.” 
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Figure 14. Factor Variability including Interquartile Range of the Mutated CLDs (represented by black 

error bars) 

Testing the robustness of the centrality measures, we included the interquartile range 

of the mutated CLDs for each factor in Figure 14, showing that the error bars only rarely overlap 

and therefore suggesting that small errors in connecting the implementation factors will not 

lead to different qualitative interpretations (Uleman et al. 2021).  

4.4.3 Feedback Loops 

Adopting Vensim as a supportive tool, we analysed all the existent loops that go through a 

given factor. The results of the CLD analysis are summarised in Table 11. However, for focus 

and clarity, only feedback loops up to five factors have been included in the table.  
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As shown in Error! Reference source not found., both direct and indirect balancing (

BD & BID) as well as reinforcing (RD & RID) feedback loops are present in the CLD (see 

Error! Reference source not found.). Direct feedback 
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Table 14. Feedback loops in the causal loop diagram (Fig. 1) 

Loop 1st variable 2nd variable 3rd variable 4th variable 

RD1 3.1 Availability of Cooper. Platforms 3.2 Inter Institutional Cooperation - - 

RD2  13.1 Openness to Change and Coop. 

10.1 Industry 4.0 related skill 

promotion - - 

RD3 3.2 Inter Institutional cooperation 2.1 IT-Standardization - - 

RD4 3.2 Inter Institutional cooperation 

2.2 Data Ownership and Privacy 

Rules - - 

RI1 3.2 Inter Institutional cooperation 

 3.1 Availability of Cooperation 

Platforms. 13.1 Openness to Change and Coop. - 

RI2 7.1 New Business Models  7.2 Need for new technologies 9. IT-Infrastructure Maturity - 

RI3 9. IT-Infrastructure Maturity  11.1 Lean Performance 11.2 Lean Experience - 

RI4 9. IT-Infrastructure Maturity  7.2 Need for new technologies 

7.3 Improving Productivity and 

Efficiency - 

RI5  3.2 Inter Institutional cooperation 

5.3 Availability of Industry 4.0 

Knowledge 

10.1 Industry 4.0 related skill 

promotion 13.1 Openness to Change and Coop. 

RI6 

7.3 Improving Productivity and 

Efficiency 7.2 Need for new technologies   9. IT-Infrastructure Maturity 11.1 Lean Performance 

RI7 7.1 New Business Models 7.2 Need for new technologies   9. IT-Infrastructure Maturity 

10.1 Industry 4.0 related skill 

promotion 

RI8 

6.1 Market Pressure to Adapt Industry 

4.0 9. IT-Infrastructure Maturity 

10.1 Industry 4.0 related skill 

promotion 13.1 Openness to Change and Coop. 

BI1 13.2 Scepticism Towards Change 7.2 Need for new technologies 7.1 New Business Models - 

BI2 4.1. Cost of Transition 7.2 Need for new technologies 9. IT-Infrastructure Maturity 

7.3 Improving Productivity and 

Efficiency 

BI3  7.1 New Business Models 7.2 Need for new technologies  9. IT-Infrastructure Maturity 10.2 Internal HR Capacity 
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loops are defined as feedback loops between two variables whereas indirect feedback 

loops include more than two variables (Uleman et al. 2021). Before we extend our discussion 

on the overall findings, the following part of the paper describes different feedback loops 

considered important across feedback loops as well as intersections identified in the CLD. 

 

4.4.4 Within-Scale Feedback Loops 

Following the approach of Uleman et al. (2021), we define within scale feedback loops as loops 

that take place within the cluster of internal or external implementation factors. For example, 

as Figure 15 shows, the development of new business models not only increases the need for 

new technologies, but also the capabilities of a corporation’s IT infrastructure resulting from 

introducing these new technologies—a process that exclusively happens within the boundaries 

of an organisation. Meanwhile, the feedback loop also proposes that an improved infrastructure 

gives organisations more opportunities to develop new business models. Similar to several 

implementation studies, the particular importance of new business models and optimisation 

opportunities was a recurrent theme amongst the interviewed group of Industry 4.0 experts. 

This was also reflected in our previous investigation that showed that these aspects are 

considered the most crucial according to Industry 4.0 practitioners (Lin et al. 2018, Müller, 

Buliga, and Voigt 2018). In contrast, a number of Industry 4.0 readiness studies have stressed 

the importance of the enabling features that sophisticated infrastructures have on the creation 

of new business models (Castelo-Branco et al. 2019a, Pacchini et al. 2019, Stentoft et al. 2021). 

In this context, the CLD/network perspective not only supports both notions, but also illustrates 

the dynamic and reinforcing relationships between these factors. In addition, this also shows 

that the creation of new business models further triggers the need to expand an ongoing loop 
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of business model development, suggesting that both theories are part of the same process. 

Another interesting aspect of this relationship is that the reinforcing nature of the loop is 

enabled by the fact that using more capable infrastructures requires organisations to upskill 

their workforce, which, according to the interviewees, leads to more openness towards Industry 

4.0. Finally, the higher level of openness then encourages organisations to develop new 

business models, which has also been forwarded through evidence presented in a recent 

investigation by Büchi et al. (2020).  

 

Figure 15. RI7: Example of a Within Scale Loop 

4.4.5 Cross Scale Feedback Loops 

Turning now to an example for an indirect cross feedback loop, RI5 shows a causal chain 

between internal and external implementation factors (see Figure 16). More specifically, the 

internal promotion of skills of an organisation can benefit from the availability of accessible 

Industry 4.0 knowledge, for example, in the form of qualified graduates entering the job market 

or external workshops. While this is an expected and well-documented relationship, a 

surprising finding is that organisations seem to have an impact on the availability of skilled 

workers that goes beyond a simple supply and demand logic—cooperation and collaboration 

also seem to play factors. Further, the results suggest that an open mindset towards cooperation 

with education providers, competitors, and government institutions leads to an improved 
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accessibility of use cases, workshops, and training opportunities. Through cooperation, 

companies can therefore positively influence the availability of external knowledge that helps 

them to train and educate their own workforce. As one interviewed expert, talking about this 

dynamic, one interviewee stated: “The corporate sector has to do more. Looking at current 

stage of educations programs including schools, apprenticeships etc., there is a dislocation 

between what is available and what is actually needed. Therefore, I think that there must be a 

vigorous exchange between the two fractions so that we can move together on a shared road.”  

 
Figure 16. Example of a Cross Scale Loop 

While the previously discussed feedback loop RI7 shows that upskilling employees 

might be a key factor when it comes to the creation of new business models, RI5 offers one 

potential answer as to how companies can effectively promote new Industry 4.0 skills, despite 

the high dependency on external providers.  

4.4.6 Loop Intersections  

When it comes to loop intersections, we refer to them as implementation factors that cause an 

effect on the network through the various feedback loops to which they are directly connected. 

As discussed earlier, high centrality is a strong indicator of how influential a node/factor is 

within the network. Unsurprisingly, “Infrastructure Maturity” and “Inter-Institutional 

Cooperation” exhibited the highest number of loops in the system. Consequently, both factors 

and their influence on the network will be illustrated. 
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Figure 17. Loops Connected to Inter-Institutional Cooperation 

Starting with Inter-Institutional cooperation, Figure 17 summarises all the factors and 

feedback loops that are connected. What stands out is that cooperation seems to take a key role 

when it comes to the standardisation of IT solutions and communication (RD3, RD4). The 

interviewed experts argued that the lack of existing IT standards forces companies to invest 

more time and resources into identifying IT solutions that are compatible with the 

infrastructures of their customers and suppliers. They further argued that cooperation, even 

with direct competitors, seems inevitable as the most optimal solution always involves players 

outside of an organisation. As one interviewee put it: “When it comes to, for example, 

standardised data interfaces, it is crucial to cooperate with competitors.”  

Although exceeding the number of five factors per loop and therefore harder to identify, 

inter-institutional cooperation was found to also be connected to several cross-scale loops. For 

instance, inter-institutional cooperation is part of the feedback loops that comprise the strategic 

consideration of Industry 4.0 as well as the identification of new business models, indicating 
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that even internal implementation processes might show a certain level of dependency on 

outside factors. While this adds further complexity to the implementation of Industry 4.0, it 

may help to understand certain phenomena, such as the fact that Industry 4.0-specific incentives 

do not seem to address specific barriers that companies face when implementing Industry 4.0 

(Cugno et al. 2021).  

 

Figure 18. Loops Connected to IT-Infrastructure Maturity 

In contrast to “Inter-Institutional Cooperation”, “IT-Infrastructure Maturity” (Figure 18) mainly 

exerts its influence on the internal part of the system and is only connected to a small number 

of cross-scale loops such as RI8. Nonetheless, as illustrated earlier, its overall impact on the 

network is strong, indicating that internal implementation processes and endeavours in 

particular are directly connected to the maturity and capability of the company’s infrastructure. 

In that regard, Figure 19 provides new insights into already well-studied relationships. For 

example, a number of have researchers argued that Industry 4.0 not only benefits from Lean 
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Manufacturing experience, but that getting started with Industry 4.0 will ultimately improve 

the performance of already applied Lean principles in an organisation (Buer et al. 2018, 

Ciliberto et al. 2021, Fettermann et al. 2018, Shahin et al. 2020). While this relationship is also 

reflected in our findings (RI3 and RI6), the CLD further indicates that this relationship might 

influence and be influenced by other internal feedback loops that include the maturity of an 

organisation’s infrastructure. For example, RI6 suggests that the maturity level of an 

organisation’s IT infrastructures is positively influenced by an organisation’s desire to optimise 

their processes, which increases the need for new technologies that help to incorporate lean 

principles more efficiently. This finding provides additional context to the already well-

established relationship and can help to improve understanding of the underlying causal chain. 

In a similar vein, the feedback loop RI9 shows that Lean Manufacturing also has a positive 

impact on “Strategic Consideration”, which helps organisations to gain a deeper, and at the 

same time, broader understanding of Industry 4.0. Consequently, this broader strategic 

approach can then help organisations to identify new and better integrated business models, 

which encourages companies to further improve their IT infrastructure. Commenting on the 

importance of Industry 4.0 strategies in the context of developing new business models, one 

interviewee argued: “Similar to the transition towards Lean Management, Industry 4.0 must 

be approached consistently; small projects here and there are pointless.”  

 

Figure 19. Feedback Loop Illustrating the Connection between Strategy and Lean Experience 
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4.5 Discussion  

Based on the approaches of McGlashan et al. (2016) and Uleman et al. (2021), we analysed 

our CLD using well-established network analysis methods. Through examining the topological 

constitution of the CLD, a number of interesting observations could be made that will have 

implications for the field of Industry 4.0.  

The analysis of the mutated CLDs show that the connections between factors are robust 

despite their qualitative roots. As suggested by Uleman et al. (2021), this means that small 

errors with respect to the connection will most likely not lead to different conclusions. 

Furthermore, we tested the relevance of the factors themselves in our previous investigation 

through a survey that was based on a systematic literature review. Consequently, our findings 

further suggest that in order to implement Industry 4.0 successfully, the relevance and 

importance of previously identified implementation factors can only be comprehensively 

understood by acknowledging their relationship to other factors. However, this also means that 

companies face a high degree of complexity when they approach Industry 4.0.  

Recent studies have come to the conclusion that a systematic approach to Industry 4.0 

is inevitable (Freixanet et al. 2020, Hou et al. 2020, Oliveira et al. 2020). For example, 

Neumann et al. (2021) argued that since companies tend to enter unsafe states when they are 

engaged with process innovation, unanticipated system risks are even more likely to occur 

when approaching Industry 4.0 through isolated steps. This accords with our findings that shed 

new light on how the implementation factors influence each other within the system. For 

instance, in Error! Reference source not found., it can be seen that developing business m

odels (factor 7.1) may also lead to job loss anxiety among employees (factor 12). A sole focus 

on developing new business model, without considering the impact on other factors such as 

“Internal Promotion of Industry 4.0 Skills”, could therefore lead to a stronger resistance against 
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change and to lower productivity, as suggested by our interviews and the findings of Saniuk et 

al. (2021).  

The density of the presented CLD is low, indicating that the implementation of Industry 

4.0 through one factor will likely not affect as many other factors as in dense networks. 

According to network theory, this means that to introduce change in the system effectively, 

multiple leverage points must be identified (Hansen et al. 2011, Hansen et al. 2019). Hence, 

corporations should not only approach Industry 4.0 more strategically to avoid unanticipated 

risks, but also exert enough influence on the entire network so that change can take place. This 

further strengthens the idea that comprehensive approaches should be chosen over single 

projects, despite seeming more practical on the surface, as illustrated by the most recent 

German Industry 4.0 Index, which shows that most corporations move toward Industry 4.0 

through individual and operational projects (Staufen AG 2019).  

Our modularity test based on the approach proposed by Blondel et al. (2008) showed 

that the network is divided, not only confirming our initial separation between external and 

internal implementation factors, but also suggesting that a third cluster may exist. This third 

cluster is consistent with the growing body of Operations Management literature that is mainly 

focused on increasing the overall flexibility and efficiency of operations with the help of 

Industry 4.0, as illustrated by the findings of Zhang et al. (2020) and Hastig and Sodhi (2020). 

A possible explanation that complements those observations might lie in the nature of the factor 

“Perceived Implementation Benefits”. The factor was divided into subclusters to account for 

the fact that our interview partners treated the desire to build new business models differently 

from the desire to increase the overall efficiency of processes, which is consequently also 

reflected by their respective connections to other factors in the CLD. This could mean that the 

differentiation between operational and business model-oriented goals is more important with 
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respect to Industry 4.0 strategy development than previously assumed (Masood and Sonntag 

2020). However, before drawing definite conclusions about this emerging cluster, more 

research needs to be conducted to better understand what distinguishes this cluster from the 

other two.  

The calculated modularity of 0.332 gives further insight into the importance of factors 

within the network that have high betweenness centrality. Since our findings further strengthen 

the idea that implementing Industry 4.0 involves a number of factors that can be found either 

within or outside of the factory gates and that multiple leverage points may be necessary to 

effectively introduce change to the system, high betweenness centrality factors can help to 

spread change across different clusters (McGlashan et al. 2016).  

The fact that all, except one, interviewed Industry 4.0 experts advocated for a more 

systematic approach to Industry 4.0 that involves multidisciplinary cooperation across 

institutions, offers a sound explanation for the high BC value of “Inter-Institutional 

Cooperation” and its central position in the network. Moreover, combined with its high out-

degree, it is no surprise that “Inter-Institutional Cooperation” is the main hub in the network 

that connects the external implementation cluster with the internal one. Recent studies have 

presented evidence that cooperation plays a major role when it comes to overcoming certain 

implementation barriers, such as the lack of know-how and experience with smart technologies 

as well as new IT standards (Masood and Sonntag 2020, Saniuk et al. 2021, Stentoft et al. 

2021). Moreover, the findings of Cugno et al. (2021) have shown that incentives such as 

Industry 4.0 support and awareness programs are not effectively targeting the barriers 

companies need to overcome while moving towards Industry 4.0, indicating a lack of 

coordination between key players such as the corporate sector and government institutions. In 

that context, our CLD offers new insights as to which implementation processes would directly 
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benefit from cooperation, which could be used to tailor support programs around the needs of 

corporations. Furthermore, the discussed network structure of the CLD puts forward the idea 

that even when support programs are aimed at a specific barrier, such as the lack of skilled 

workers, they need to consider multiple factors in order to effectively target this Industry 4.0-

related barrier. In that regard, our developed CLD can facilitate the identification of 

implementation factors that need to be acknowledged in order to develop more effective 

approaches. 

While more and more studies recognise the importance of broader Industry 4.0 

approaches and the importance of cooperation, initially, the field of Industry 4.0 was mainly 

focused on technological innovations and how companies can assess their readiness to integrate 

these new technologies into their infrastructures (Basl 2017, Lichtblau et al. 2015, Schumacher 

et al. 2016). Our research is still consistent with that part of the Industry 4.0 literature, 

illustrated by the high BC value and the high out-degree centrality of the factor “IT-

Infrastructure Maturity”. In the findings section, we demonstrated that every internal 

implementation factor is either directly dependant on the IT infrastructure of the organisation 

or indirectly connected to it through a short causal loop. It is probable therefore that every 

organisation’s attempt to move towards Industry 4.0 stands and falls with their ability to 

efficiently manage and scale their IT-infrastructure, which may further help to explain why a 

great deal of Industry 4.0 literature is still focused on Industry 4.0 technologies (Ghobakhloo 

2020, Nara et al. 2021). However, our findings also show that “IT-Infrastructure” has the 

second highest in-degree, which is unusual for high out-degree variables in a network and 

indicative of a dynamic and complex relationship to other factors. For example, we showed 

that while factors related to lean management and the creation of new business models highly 

depend on the infrastructure maturity, they also directly exert effects on the IT infrastructure. 
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Therefore, our findings broadly support the notion that the maturity of an IT infrastructure 

should not only be assessed based on its technological capabilities, but also based on their 

relationship to other implementation factors and drivers, as proposed by other recent 

investigations (Pozzi et al. 2021, Stentoft et al. 2021, Wagire et al. 2021).  

Another compelling finding that has emerged from our centrality analysis is that the 

factor “New Business Models” has shown by far the highest in-degree among all factors and a 

comparatively low out-degree. This finding is unexpected as on the basis of our systematic 

literature review, we cautiously assumed that the creation of new Industry 4.0 business models 

would have an impact on other implementation factors (Hoyer et al. 2020). In contrast, the 

results of this study assert that more factors causally influence the creation of Industry 4.0-

related business models, rather than the other way around. As a result, the degree to which 

other implementation factors influence the creation of new business models becomes more 

important than we previously assumed (Lin et al. 2018, Müller, Kiel, and Voigt 2018). 

However, what remains unchanged is the overall importance of the factor. As pointed out by 

McGlashan et al. (2016), factors with high indegree centrality can serve as a central hub for 

change in a network and therefore be viewed as an important factor to consider when 

implementing Industry 4.0. This is further reflected by the results of our previous survey in 

which the factor “Perceived Benefits” emerged as the most important implementation factor 

according to experienced Industry 4.0 practitioners.  

4.6 Conclusions 

The aim of the present research was to examine and map out the complexity inherent in the 

implementation of Industry 4.0 through the application of network analysis to a CLD developed 

based on in-depth interviews with Industry 4.0 experts. Our study has shown that a 



 

163 

 

comprehensive grasp of the importance of Industry 4.0 implementation factors cannot be 

obtained without considering the role of each factor in a multicausal network. In that regard, 

through the application of network analysis, we determined the specific properties of the CLD 

to derive potential intervention points in the network to introduce and spread change more 

efficiently. These insights not only help to explain why focusing on one implementation factor 

can cause negative side effects, but also which factors are crucial to achieve a more effective 

implementation of Industry 4.0. The combination of systems thinking and network theory has 

allowed us to shed more light on the specific functions of previously investigated 

implementation factors. At the same time, through the identification of feedback loops, our 

findings demonstrate that the role of a given factor is not static, as it changes depending on 

which other factors it is connected to.  

Our modularity test further supports the notion that the internal transformation process 

interacts with external implementation factors. The presented CLD can therefore be used to 

further expand our understanding of how external implementation factors exert influence on 

internal implementation processes and vice versa, thereby providing external key players, such 

as government institutions, with a more comprehensive understanding of how specific 

measures influence the transition process of corporations. Taken together, our findings 

therefore highlight the importance of approaching the implementation of Industry 4.0 in a 

systematic manner that accounts for its complexity. Scientific investigations should favour the 

application of holistic and interdisciplinary approaches to further improve our understanding 

of the underlying dynamics of implementing Industry 4.0. Similarly, we recommend that 

corporations and governments need to change their perspectives on Industry 4.0. Isolated use 

cases and pilot projects may be beneficial to assess the potential of certain technologies, but 

they fail to make allowances for the various factors that need to be considered to have a 
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sustainable impact. Our findings suggest that strategic approaches that acknowledge the 

dynamic behaviour of complex adaptive systems are more likely to have a strong enough effect 

on the overall system to introduce lasting change. 

4.6.1 Future Work and Limitations  

The construction of our CLD was based on interviews with Industry 4.0 experts. Although we 

adapted the methods and recommendations from McGlashan et al. (2016) and Uleman et al. 

(2021) to increase the overall robustness of our approach and compared the results against the 

findings of our systematic literature review, a certain level of subjectivity cannot be avoided 

with respect to how the presented implementation factors are connected. Furthermore, a major 

challenge of CLDs is to find the right level of detail to avoid either difficult to comprehend or 

overly simplified representations of reality (Richards et al. 2021). The introduction of mutated 

CLDs to test how changing existing and adding new connections to the network influences the 

centrality measures of the presented CLD, however, has shown a strong resilience against 

random permutations, making alternative qualitative conclusions less likely (Uleman et al. 

2021). As proposed by Uleman et al. (2021), conducting systematic reviews on every 

connection identified in the network might further strengthen the model. 

Another important limitation of CLDs is their static nature when it comes to emergent 

behaviour, non-intuitive quantitative results and time delays (Richards et al. 2021, Richardson 

1986, Sterman 2002). These factors can alter the properties of a given network by, for instance, 

changing the calculated centrality measures of variables within the network and thereby 

affecting the overall dynamic of the system. In future research, we will therefore aim to 

quantitively define the connections between Industry 4.0 implementation factors by collecting 

empirical data on implementation processes, to simulate different implementation scenarios, 

making it more suitable for practical application. Both the size of a corporation as well as the 
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sector it is operating in are of particular interest in that regard, as their importance with respect 

to Industry 4.0 is still a subject of debate, as illustrated by our previous study (Hoyer et al. 

2020). The resulting complex system dynamic model can then be used to develop 

implementation frameworks that consider the different characteristics of corporations and their 

Industry 4.0-specific goals, a component that all of the currently existing models lack. 

Furthermore, these quantitative models can then be used to study the portrayed feedback loops. 

Finally, as the field of Industry 4.0 is constantly evolving, we plan to further update the CLD 

alongside recent developments. Therefore, we support the notion shared by McGlashan et al. 

(2016) and Allender et al. (2015) that CLDs rarely reach a final stage as they change together 

with the evolving problem. 
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5.1 Introduction  

The main goal of the thesis was to identify the factors that play an important role when it comes 

to the implementation of Industry 4.0 and to understand why they are important, thereby laying 

the foundations for future research that takes into account the complexity that is inherent in 

Industry 4.0. The body of research is increasingly recognising that future investigations need 

to acknowledge the complex and interdisciplinary nature of Industry 4.0, resulting from the 

multicausal relationships between the implementation factors and the broad spectrum of 

Industry 4.0 applications. The thesis aimed to approach this task systematically by utilising 

validated research methods geared towards gaining a deeper and, at the same time, broader 

understanding of a chosen matter. Through this research design, this thesis sheds new light on 

the importance of the previously identified implementation factors. The present investigation 

also provides an extensive examination of the relationship between the factors that have been 

rated by Industry 4.0 practitioners and discussed by Industry 4.0 experts. Moreover, the 

findings further solidify the notion that the importance of a factor cannot be entirely understood 

without considering its relationship to other factors, leading to significant theoretical and 

managerial implications. In the section that follows, the main research findings and key 

implications will be summarised. The chapter will conclude with a discussion of future research 

opportunities and the limitations of the present research approach.  

5.2 Summary of research findings 

Taken together, the three presented studies offer a fresh perspective on the elements that make 

the implementation of Industry 4.0 complex and challenging. Publication 1 synthesised the 

findings of Industry 4.0-related studies across a variety of disciplines, showing that three 

important categories of implementation factors have been discussed so far (Figure 20). 
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Furthermore, the study proposed three different complexity layers of Industry 4.0: 

implementation complexity, system of systems management complexity, and technological 

complexity. Similarly, Publication 1 highlighted the lack of a clear definition of Industry 4.0 

by showing that the term combines three core layers that need to be kept apart to avoid 

confusion: the historical layer, the conceptual layer, and the technological layer. 

 

Figure 20. Summary of the key findings in the thesis 
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Publication 1 laid the groundwork for Publication 2, which was designed to address these 

shortcomings by examining the importance of the implementation factors according to Industry 

4.0 practitioners and experts. Using a mixed-methods approach, the study not only quantitively 

demonstrated that the identified implementation factors are not similarly important, but also 

provided qualitative evidence as to what constitutes their importance. Most significantly 

though, Publication 2 identified a set of five key factors with the highest importance scores in 

the practitioner survey and the in-depth expert interviews, providing valuable insights into 

which implementation factors need to be examined further and considered when developing 

dedicated implementation strategies (Figure 20). Finally, Publication 3 complemented the 

findings of the two previous studies by assessing the relationship between the identified 

implementation factors. Publication 3 was able to demonstrate that the current understanding 

of the implementation factors and the transition process is incomplete. By combining systems 

thinking with network theory, it was shown that the roles and the importance of the 

implementation factors are not static and therefore must be interpreted based on their positions 

in the network as well as on their causal relationships to other factors. This was illustrated 

through the identification of feedback loops within the constructed CLD, which showed that 

one factor can be part of and relevant for multiple implementation processes and strategies, 

thereby playing different roles. Furthermore, by calculating the centrality values for each 

factor, it was highlighted which factors exert the most influence on other factors. Both findings 

expand our understanding of the criteria that determine the importance of the investigated 

implementation factors. 
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5.3 Research Implications  

5.3.1 Theoretical Contributions  

Although the field of Industry 4.0 has made significant steps forward since its inception in 

2011, it also has experienced some growing pains (Maghazei and Netland 2017; Schneider 

2018). A major goal of this thesis was therefore to contribute to the emerging body of 

knowledge by addressing some of the most significant gaps. In the following section, the major 

contributions and implications resulting from this endeavour will be emphasised.  

First, the thesis has presented the first systematic review of Industry 4.0 implementation 

factors, synthesising what has already been discussed in the field and thereby addressing the 

existing fragmentation of knowledge in the field. The findings revealed that technological and 

financial issues may be important, but not the only factors that matter when it comes to 

implementing Industry 4.0. In total, 14 implementation factors were identified and discussed. 

Against this background, the extensive review of the literature also brought forward the idea 

that the term Industry 4.0 has three dimensions, which may help to explain the lack of widely 

accepted definition until now. Through the findings of Publication 2, the thesis was able to 

confirm the raison d'être of the previously identified implementation factors, as interview 

partners discussed the same factors previously identified in the systematic review. It is 

important to note that the interviewees were only asked which factors they consider important 

to avoid any form of bias. However, one additional factor emerged from the interviews that 

was not identified in the review of the literature, showing that the attitude towards change 

should be further investigated and considered when moving towards Industry 4.0. Finally, 

Publication 3 confirmed our initial categorisation of factors. Through a network cluster 

analysis, it was shown that internal implementation factors interact more with internal 
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implementation factors, whereas external factors exhibited stronger connections to external 

factors. Consequently, Publication 3 supported the proposed differentiation between internal 

and external implementation. Future investigations aimed at developing implementation 

frameworks are therefore advised to focus on internal factors when it comes to the 

organisation’s perspective, whereas more emphasis should lie on external factors in the context 

of developing effective support programs and initiatives. Moreover, factors with high centrality 

values such as “Inter-Institutional Cooperation” should be considered when it comes to solving 

issues that require both the help of the corporate sector as well as external key players, such as 

government institutions and research institutes.  

Second, the results from our empirical study have confirmed that the presented 

implementation factors are not equally important. Experienced Industry 4.0 practitioners were 

asked to rate the factors according to their importance and to state at which stage of the 

transition they consider the factor to be most important. Through the application of a 

convergent parallel mixed-methods approach, these findings were then compared with the 

results from our interviews, showing that experts and practitioners mainly agree on the 

importance of the factors. As a result, Publication 2 was able to present the five most important 

factors according to the survey and the interviews, providing scientists and practitioners with 

more orientation when it comes to the questions of which implementation factors should be the 

centre of attention. In that context, the expert interviews helped to expand our understanding 

of why the identified factors are crucial for transition towards Industry 4.0 beyond what has 

already been discussed in the literature. What is more, through the application of the Kruskal-

Wallis test, our findings show that the perceived importance of certain factors changes 

according to certain survey participant attributes, such as years of experience and industry 
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sector, stressing the need to lay more emphasis on the context of the implementation of Industry 

4.0 (Li 2020; Müller et al. 2018). 

Finally, the thesis has raised important questions about the nature of the complexity of 

Industry 4.0 and its implementation. Recent findings have increasingly stressed the need to 

have a more holistic perspective of Industry 4.0 (Cimini et al. 2021; Raj et al. 2020). Sharing 

that notion, the thesis was based on a research design that considered the implementation of 

Industry 4.0 as a dynamic process. From a systematic literature review to a mixed-methods 

design to the combination of systems thinking and network analysis, the three studies were 

conducted to gain a broader and deeper understanding of that dynamic process. While the first 

two studies were focused on the identification and the importance of Industry 4.0 

implementation factors, the final study mapped out the multicausal relationship between the 

factors. As such, the thesis contributes to the existing body of literature by describing how the 

identified factors are connected to each other and how they exert influence on each other and 

the overall network, suggesting that a comprehensive grasp of the importance and the function 

of the implementation factors cannot be obtained without considering their relationships with 

other factors. Through the identification of feedback loops and factors with high centrality 

values in the CLD, the thesis has also provided a deeper insight into the reasons why the 

transition process is so challenging. Besides knowing the implementation factors, future 

investigation also needs to consider the role that factors play in the proposed CLD and the 

adjacent factor’s influence on these observed factors, increasing the overall difficulty of 

developing effective frameworks. Recent findings have shown that addressing the needs of 

companies that have embarked on implementing Industry 4.0 is demanding and that 

government institutions fail to introduce effective measures (Bakhtari et al. 2021; Castelo-

Branco et al. 2019; Pozzi et al. 2021). The discussed feedback loops revealed some unexpected 
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effects that might explain why support programs and incentives struggle to land where 

corporations face challenges that slow down or even stop the transition motion. In a similar 

vein, the centrality measures revealed some important points for intervention, illustrating which 

factors have the most significant and widest impact on others, further explaining why they are 

crucial when it comes to implementing Industry 4.0.  

Overall, the thesis has introduced a novel perspective to the field of Industry 4.0 and 

demonstrated that acknowledging the complexity inherent in Industry 4.0 leads to new insights 

that complement and add to the rapidly expanding field.  

5.3.2 Practical Implications  

Besides the contribution to knowledge, the findings of the three studies provide important 

considerations for companies that want to implement Industry 4.0 and for government 

institutions that want to assist their local economy with the transition process. The major 

implications are discussed below. 

First, the findings have shown that Industry 4.0 is constituted of more than just a wide 

range of technologies. In fact, only two of the identified implementation factors are directly 

related to either technological challenges or opportunities. Hence, managers should consider a 

more holistic approach towards Industry 4.0 and go through a controlled technology 

withdrawal. The thesis has provided a comprehensive overview of the building blocks that play 

an important role for the implementation of Industry 4.0. Moreover, Publication 2 has shed 

more light on the key factors that should be prioritised, offering managers more in-depth 

knowledge relevant for strategy articulation (Schneider 2018). In a similar vein, Publication 3 

complements the findings of the first two studies by presenting more evidence that initiating 

change depends on a number of factors, depending on the influence these factors exert on other 
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factors in the CLD presented in Error! Reference source not found. (Stentoft et al. 2021). A

dditionally, Publication 3 discussed a number of feedback loops, illustrating how factors 

influence each other. Managers can use this knowledge to develop broader and more effective 

Industry approaches by considering the wider implications of implementing Industry 4.0 

beyond technological advancements. Publication 3 also illustrated the key role of the factor 

“IT-Infrastructure Maturity”, deduced from its high betweenness centrality in a sparse network. 

Consequently, technology matters in terms of how well managers are able to align the existing 

technological capabilities of their organisations’ infrastructures with future business models, 

while shifting the focus away from the potential of future technologies towards the core 

competencies of an organisation.  

Second, many findings have framed Industry 4.0 as a mainly technological and 

financial challenge for corporations (Braun et al. 2018; Jäger et al. 2016; Moktadir et al. 2018; 

Vaidya et al. 2018). However, as the field evolves, it becomes clearer that this view is flawed 

as it only explains a small proportion of the challenges that companies actually face during the 

implementation of Industry 4.0, as illustrated by recent investigations (Da Silva et al. 2020; 

Nara et al. 2021; Neumann et al. 2021). Supporting that notion, the thesis has presented a list 

of factors that reflect the challenges and the opportunities tied to the transition towards Industry 

4.0, consequently further raising the question of which factors corporations should focus on to 

address the multitude of challenges. Publication 2 and Publication 3 have proposed inter-

institutional cooperation as one of the most vital factors to consider in order to address critical 

implementation challenges. Its importance mainly arises from the increasing need of 

coordination between different disciplines and industry challenges that cannot be solved by 

managers themselves, such as defining industry standards for machine communication. As 

highlighted in Publication 2, companies that incorporate the philosophy of Industry 4.0 into 
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their products and services must increasingly rely on IT specialists working together with 

engineers. Likewise, the coordination between different departments as well as between 

suppliers and customers will intensify with the introduction of Industry 4.0 to improve 

efficiency and service quality (Issa et al. 2018). Accordingly, the diplomatic duties of managers 

will take up more space both within and outside of the organisation. This idea is further 

encouraged by the findings of Publication 3, which indicated that the factor is highly 

interconnected with almost all other factors, elevating it to the nexus of Industry 4.0 

implication. The emerging role of cooperation therefore must be taken into consideration when 

planning out the transition towards Industry 4.0, as many of the difficulties for managers lie in 

finding internal solutions for external problems. For example, “IT-Standardisation and 

Security” was identified as one of the most crucial factors according to practitioners and 

experts. In this connection, experts stated that the lack of standardisation increases the level of 

difficulty for managers to select technological solutions that are compatible with the IT 

infrastructures of all of their key suppliers and customers. This increases the amount of research 

on coordination for managers internally, as they are not able to define industry-wide standards 

on their own.  

Third, Publication 2 revealed that both Industry 4.0 practitioners and experts consider 

“Perceived Implementation Benefits” as the principal implementation factor. In that context, 

new business model opportunities and the ability to design more efficient and productive 

processes have emerged as the dominant facets of the factor. Publication 3 confirmed this 

finding by showing that other implementation factors were mentioned together with these two 

facets exclusively besides the need for new technologies. Although this seems logical as these 

facets reflect the main incentives to adopt Industry 4.0, the findings of the thesis have further 

revealed important managerial implications. For example, Publication 2 showed that the 
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importance of the factor “Perceived Benefits’ remains important throughout the entire 

transition period, suggesting that the factor is more than an initial motivator. In a similar vein, 

Publication 3 showed that the same factor does not influence many other factors but at the same 

time is influenced by most of them, illustrating its fragile and permanent nature. These findings 

further strengthen the idea that business models and Industry 4.0-related goals must be deeply 

embedded in the vision of the organisation and tailored around the capabilities of their IT 

infrastructure as well as the knowledge of the workforce. Organisations therefore must 

acknowledge the vulnerability of the factor resulting from changes introduced to other factors.  

Finally, with respect to gaining a broader understanding of Industry 4.0, the findings of 

Publication 2 suggested that government organisations need to extend their programs for 

Industry 4.0 support initiatives such as test environments and use cases. These programs are 

considered the most effective way to help companies develop their Industry 4.0 ideas (Xu et 

al. 2018). Publication 2 further suggested that the gap between what the education 

infrastructure can deliver and what is in demand in the job market is continuously growing, 

adding more difficulties for companies that are still at the beginning of the transition. 

Unsurprisingly, the findings indicated that the need for knowledge from external sources peaks 

during the initiation phase. As a result, companies that experience limited access to skilled 

workers and support programs are less likely to obtain a comprehensive grasp of industry that 

enables them to articulate a broad and sustainable Industry 4.0 strategy. Furthermore, our 

findings suggest that these circumstances increase the ubiquitous temptation to focus on daily 

business and to approach Industry 4.0 through isolated projects. A vicious cycle that can broken 

by encouraging companies to adopt a broader perspective of Industry 4.0 and by promoting 

support programs that address the main challenges of an Industry 4.0 implementation. In this 
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context, Publication 3 confirmed the central role of government support by illustrating its 

strong causal influence on external implementation factors in particular.  

5.4 Future Research Agenda and Research Limitations 

The thesis has successfully demonstrated that the implementation of Industry 4.0 depends on 

many factors that are not equally important. Furthermore, the thesis has illustrated and mapped 

out the multicausal relationships between the implementation factors. These findings build the 

foundation for future research that relies on developing effective implementation frameworks 

and guidelines. The thesis has also thrown up interesting questions in need of future research, 

but many overarching limitations that represent opportunities for future investigations will also 

be noted.  

First, although the thesis has shown a broad consensus between Industry 4.0 experts 

and Industry 4.0 practitioners with respect to the importance of the implementation factors, a 

larger sample size for the surveys could further highlight the difference in importance 

perception among different groups. For example, due to the large variance in speed of adaption 

throughout different industry sectors, it is difficult to obtain an equal amount of survey 

responses across these sectors. Since Industry 4.0 is still a young concept, previous studies that 

have surveyed Industry 4.0 practitioners have faced similar issues (Rossini et al. 2019; 

Tortorella and Fettermann 2017). However, thanks to its popularity, it is reasonable to assume 

that the adaptation of Industry 4.0 will continue to grow, allowing for larger sample sizes. 

Future examinations can therefore further investigate the impact of the variables tested in the 

survey, such as time, industry sector, and profession. The resulting data can be used to account 

for the dynamic nature of Industry 4.0 to develop more accurate and company-specific 

implementation frameworks. 
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Second, Publication 1 showed that there is a lack of consensus in the literature with 

respect to what extent the size of a company affects the implementation of Industry 4.0. 

Interestingly, instead of shedding light on this issue, Publication 2 further solidified this gap 

by showing that Industry 4.0 practitioners do not consider the size as important whereas experts 

have argued that the factor is critical. More empirical evidence is therefore required to evaluate 

the impact of this factor. Besides the companies themselves, government institutions can use 

the resulting knowledge to develop implementation strategies based on the characteristics of 

their local economy.  

Third, the implementation of Industry 4.0 as a research topic has recently gained 

momentum. It is therefore to be expected that new factors may emerge alongside new research 

findings, potentially changing the dynamic of the presented CLD in Publication 3. Accordingly, 

the presented findings in the thesis should be viewed as a static snapshot of a dynamic and 

ongoing process. The thesis therefore encourages future research to continue to explore 

potential implementation factors alongside their importance. With the discovery of a new factor 

in Publication 2, it was illustrated that the initial list of factors is incomplete, despite the 

application of a systematic literature review in Publication 1.  
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Figure 21. Strength of connections between implementation factors (green/red signals an above 

average strength, yellow an average strength, and white a below average strength) 

Finally, Publication 3 has laid the foundation for the development of accurate and 

dynamic systems thinking models and hypothesis generation. Fed with quantitative data, these 
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computational models can help to simulate scenario-based implementation processes that 

further examine the underlying dynamic relationship between the presented factors. For 

instance, the recent study of Richards et al. (2021) has shown that CLDs can be extended by 

adding the strength of the connection between two variables. The findings of Publication 3 can 

serve as a foundation to quantitatively explore how strong the connections are based on 

quantitative data. Figure 21 illustrates the strength of the connections by capturing how often 

a connection was mentioned (R) in the interviews of Publication 3 as well as how many 

participants mentioned it (P). Combined with additional empirical evidence, the accuracy of 

the proposed CLD can be further improved. However, despite adapting novel approaches that 

test the robustness of the implementation CLD, it is still an incomplete reflection of reality, 

like any other model (Sterman 2002). For example, its qualitative nature and the division of 

the factors into sub-factors further extend the spectrum of possible flaws in the model. 

Therefore, future research should not only use the insights discussed in this thesis to develop 

new systems thinking models, but also focus on further developing the presented CLD to 

increase the overall accuracy and predictability of future simulations.  
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