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Abstract: Industry 4.0 was introduced in 2011 and since then has been perceived in multiple ways
such as a vision, a paradigm, a scenario or as a digital revolution in production and service organi-
zations. Even though Industry 4.0 is associated with great improvements for companies, there is
still a lack of a uniform definition of the term Industry 4.0, especially when it comes to the transfer
of knowledge from theoretical research to the implementation in organizations, which leads to
confusion and disaffirmation. The lack of a clear structure and a holistic definition of the research
topic Industry 4.0 inhibits the development of new business areas and new research approaches. To
target this fundamental gap, a methodology is developed and the 338 most relevant publications
are analyzed in the database of ScienceDirect starting from 2015. Based on those publications, the
field of Industry 4.0 is structured. A consistent and comprehensive definition for Industry 4.0 is
introduced by using a bibliometric analysis. Therefore, existing descriptions are decomposed into
word fragments and analyzed. It is shown that this novel approach to find a definition for the term
“Industry 4.0” does not yet exist. The aim is to provide a purely objective definition based on a
statistical evaluation, without restricting the selection of publications to a specific research or business
area. Based on those data, a new and ubiquitous definition of Industry 4.0 is formed, discussed and
validated on practical examples.

Keywords: bibliometric analysis; definition; technology; Industrie 4.0; literature review

1. Introduction

The production world is reacting to the customers’ needs for individualized and inno-
vative products by adopting digital technologies. The existing and established paradigms
in the production world such as Lean Production are now faced with the upcoming digi-
talization process, also known as Industry 4.0. The German research community shaped
and introduced the term as the next industrial revolution, preceded by mechanization (1.0),
mass production (2.0) and the automation (3.0) industries [1]. At the fair ‘Hannover Messe
2017, the term ‘Industrie 4.0" (Engl. ‘Industry 4.0") was introduced for the first time by
Siegfried Dais and Henning Kagermann [2]. Both were founding fathers and driving forces
behind the project leading the high-tech strategy of the German government. The aim of
the project was to promote the computerization of manufacturing [3]. Although the terms
Industry 4.0 and fourth industrial revolution are often used interchangeably, Industry 4.0
is just a subset of the fourth industrial revolution [4].

Driven by developments in communication, data knowledge and storage, the manu-
facturing sector is trying to adopt technologies to increase individuality, innovation and
productivity and to decrease and reduce error rates [5]. On the one hand, a major benefit of
Industry 4.0 is the interconnection and decentralization of companies and their technologies
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to support the drive of Open Innovation [6]. Whereas innovation is limited in organizations,
the digitization opens up the companies and connects it with suppliers, customers and
other decentralized locations [7,8]. With an increasing communication of people and cus-
tomers outside of the company, knowledge is directed faster into the organization, which
leads to a growing open innovation dynamic [9]. To adopt the innovation process, studies
have shown that technological standardization and formalization are key enablers [10]. On
the other hand, open innovation also is able to increase the implementation of technologies
and the momentum of Industry 4.0 [9]. According to this perspective, the combination
of open innovation and Industrie 4.0 can be understood as a positive interaction. They
influence each other in a mutually supportive way.

Previous industrial revolutions were driven by single technology inventions such as
the steam engine (1.0), electricity (2.0) and computers (3.0). In contrast, the ongoing fourth
industrial revolution is driven by existing technological developments and the ability to
process large amounts of data. As a consequence, the integration of the physical space and
the cyber physical space is expected [11]. Thereby, authors are arguing that Industry 4.0
is an idea, a vision, a concept or a paradigm. Due to the lack of a clear structure and a
holistic definition, the young and fast evolving research topic of Industry 4.0 has become a
buzzword for many applications and research fields. Businesses are using this actual trend
for introducing long-term strategies in order to show their future-oriented approach. Safe
communication systems [12], new business models [13] as well as sensors and actuators
for the business architecture [14] are the scope of research. In contrast, Jeske et al. argues
that companies are unable to connect with the term and successfully implement the digital
structures in their organizations [15]. They conducted an online survey demonstrating that
the general public has evolved fast and adjusted to Industry 4.0, whereas companies are
struggling to implement its technologies and principles [15]. Even if 90% of the employees
are familiar with Industry 4.0, only 30% know the practical meaning of this term [15].
Nevertheless, the phrase of Industry 4.0 is not clearly defined yet. One of the main aim of
the present work is to find a proper definition. Therefore, the authors waive any detailed
description at this point.

Commonly, definitions enable an objective understanding of a phrase and create value
beyond its intended purpose of describing something effectively [16]. The absence of a
clear definition of Industry 4.0 may result in a loss of confidence in understanding this
term and lead to a restriction of its usage. To gain a better understanding, definitions can
facilitate a business’ discussions, strategic developments and implementations. The aim
of this present work is to provide a structured literature review of Industry 4.0 and create
a reliable, general and uniform definition of Industry 4.0 based on bibliometric analysis.
The phrase evolved starting from the classical engineering and production processes in the
manufacturing industry to a widely spread term also used in the construction Industry [17],
food sector [18], medicine [19,20], supply chain [21,22], farming [23] and logistics [24,25].

In the following chapter, the procedure and methodology are presented. For this
purpose, the descriptions of ‘Industry 4.0” are collected from numerous publications. These
text fragments are then analyzed and evaluated for the frequency of the individual words
that occur. The procedure has not yet been used in any known publication. Section 3 gives
a structured overview of what the collected publications describe. The term is divided into
organizations, technologies and people, which are considered individually. Section 4 then
looks at the bibliometric analysis: which single word or keyword was used and with which
other words. From these terms, an objective definition is formed in Section 5. The paper is
then discussed and the definition validated by using examples. Finally, the summary is
presented. The aim of this publication is to create a scientific and objective definition of the
term ‘Industry 4.0". This paper is characterized by an objective viewpoint; a clear definition
is created by statistically averaging many individual descriptions of the analyzed term.
The basis for this is the use of objective algorithms.
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2. Material and Methods
2.1. Planning and Preparation

To mirror the international research community, both the German and the English
phrase have been used for systematic literature research. To determine the time period
of the analysis, search queries recorded by Google Trends for the introduced terms were
analyzed. Studies have shown that Google search queries and trends are suitable as a
scientific analysis tool [26]. In an interdisciplinary way, increased queries could be analyzed
via Google trends and, in retrospect, directly linked to innovations and changes in the
market [27,28].

As shown in Figure 1, search queries increased significantly in 2015, three years after
the introduction of Industry 4.0. Both of the search terms ‘Industry 4.0” and ‘Industrie 4.0’
started to increase. The highest attention was in January 2020 for the English search term.
Therefore, the time frame was set to publications from January 2015 up to July 2020.
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Figure 1. Relative search attention of ‘Industrie 4.0” and ‘Industry 4.0” in Google Trends (January
2011 to July 2020).

To develop a framework for the literature research, this publication is focused on
objectivity and uniformity. The database of Elsevier is amongst the most qualified repre-
sentatives for technological-orientated research publications. It covers a huge amount of
interdisciplinary and international journals and papers in the field of engineering but is
not limited to other disciplines. Since the aim of the study was to find definitions, only
full-text papers listed in the platform of ScienceDirect were analyzed (Figure 2) [29,30].
Other databases such Web of Science or Google Scholar were not considered for the present
work, nevertheless they might lead to other specific results in reviewed literature and the
created definition.
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Figure 2. Developed methodology and workflow for literature research.
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Within the found publications in ScienceDirect, several specifications have been made.
Only the top 5% publications were considered based on the yearly amount of publications.
As reference, those publications were prioritized by using the relevance function of the
database itself. By default, search engine relevance is an intricate calculation, which shows
how well text in the documents returned as search results reflect the terms and criteria
executed in a search query. The search engine ScienceDirect uses a relevance model based
on concepts from the science of information retrieval [30]. Each publication returned as a
result by a query is given a score composed of a variety of different factors, like the amount
and position in the publication, proximity and completeness and significance of the search
term [31].

As shown in Figure 2, 6.758 relevant publications were found overall, which leads
to a top 5% of 338 publications for the time frame. These publications are analyzed for
the literature research (1) and also were used as basis for forming a definition with a
bibliometric analysis tool (2). The 5% of publications represents the sample size with a
margin of error of 5% and a confidence level of 90% [32]. The confidence level of the
sample considered that the word ‘Industry 4.0” is a hypothetical topic right now and is
used in many publications without a definition or without going into more detail about
the term. A value below the standard deviation can be chosen if such assumptions can be
made [33]. The selected sample value must therefore be at least 262 out of 6.758 definitions.
A total of 338 publications were analyzed in this study, a value that is above the targeted
sample value.

2.2. Data Collection

Based on the introduced methodology in Figure 2, Figure 3 shows the detailed distri-
bution of the publications per year and per search term. Overall, 99 publications have been
found in 2015 (35 for Industrie 4.0, 64 for Industry 4.0), whereas this number increased to
2.436 publications found in 2019 (357 for Industrie 4.0, 2079 for Industry 4.0). By taking
a closer look on the search terms, the English term was used in about 84% of all publica-
tions. For the top 5% within the specifications, 338 out of the 6.758 publications have been
weighted to each year.
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100 — 59—
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10 i ] 57 publications per
T 2 3 I l Tycar
o -
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Figure 3. Relevant publications within the specifications for literature research and bibliometric analysis.

For the year 2018, as an example, 262 publications with the keyword ‘Industrie 4.0’
were found. The top 5% of these publications were relevant for the literature research and
the building of the definition, which involved 13 publications.

Summarizing, the overall number of publications and the contribution of the English
and German terms were transferred to the publications for each year and each term. This
methodology guarantees a view only on the most relevant and best ranked publications of
Industry 4.0 for the literature research and the forming of a definition.
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Due to rounding errors, a total of 340 publications were considered for further proceeding.

3. Structuring Industry 4.0

The following section shows the most important findings and results of the research
in the defined period (2015-July 2020). The literature review includes an overview of the
nomenclatures and focuses on the aspects of organization, people and technologies.

Following the introduction in Germany, many nomenclatures have been developed in
other countries. Afterwards, the English phrase ‘Industry 4.0° became the main interna-
tional term. In the USA, several initiatives have been founded, including the ‘Advanced
Manufacturing Partnership’, the “Advanced Manufacturing Partnership (AMP)” and the
‘Smart Manufacturing’ initiative [34-38]. In the European region, for example, the Czech
government allocated support for relevant projects following their own program ‘Initiative
Industry 4.0’ [39] and the UK set up their ‘Future of Manufacturing’ program [37]. In 2015,
China published its 10-year-plan to transform its manufacturing industry called ‘Made in
China 2025’ [35,40] and Japan introduced their ‘Industrial Value-Chain Initiative” [35].

Among the reviewed literature, different approaches exist to structure Industry 4.0.
Kamble et al. for example structured their review regarding the maturity of industry [41].
Other authors used the technological perspective like Zhong et al. [35]. Also, Culot et al.
followed this approach [42]. Bigliardi et al. structured their bibliometric review by using
the application areas [43]. Within a holistic approach, Beier et al. structured Industry 4.0
into four categories: human (1), technology (2), organization (3) and features (4) [44].

Despite the great research effort, currently there is no unanimously agreed defini-
tion [40,45,46], characterization [47], concept or roadmap [44,48] available. In the beginning,
Industry 4.0 often was sketched as a vision of smart factories or as a scenario for a forth
industrial revolution [49-51]. As there was no concrete description of the term, a variety of
paraphrases were used such as ‘Trend’ [51,52], ‘Framework’ [53] or ‘Phenomenon’ [54,55].
Other authors used terms like ‘high-sky-vision” or ‘visionary concept’ to underline the
theoretical background and the lack of reference to the real production environment [56,57].
A frequently used term is ‘concept’ or ‘umbrella’ of Industry 4.0 [56-61]. Descriptions vary
in their focus, their scope and their information density, which slows down the academic
progress [47]. Due to the lack of a standard definition, research fields started adopting
multiple understandings of Industry 4.0. This makes it even more complex to focus on a
holistic development and to converge on the scope and synthesize the objectives [47,62]. A
missing definition also led to a lack of acceptance in the community, meaning Industry 4.0
started to be described as a ‘flashy catchphrase’ [43].

Authors seek definitions to drive implementation of changes in an industry [63].
Without clear structured concepts based on a definition, adoption and acceptance in
industry is stagnating [64]. Moreover, authors try to target its aim in order to get a
better understanding of the topic. Therefore, focus is on the realization of continuous
improvements [65] and digital manufacturing [66,67]. On the other side, authors argue
that it might be too early to define Industry 4.0 in a proper way. Given the time available,
implementation might take decades [57].

Besides the evolution of the definition on the one hand, Industry 4.0 has been consis-
tently referred to as a “paradigm’ since its introduction. A paradigm at this point can be
understood as a fundamental way of thinking which implies the need for a holistic view of
Industry 4.0 to classify the topic. Therefore, this paper follows Beier et al.’s holistic approach
and divides the topic into three main areas: organization, people and technology [44].

3.1. Organization
3.1.1. Vision, Strategy, Integration

Studies show that organizations need clear, measurable and comprehensive objectives
and visions for the implementation of Industry 4.0 to have preventive effects on the
performance [68]. Additionally, it is essential to encourage the people responsible for
project management to focus on Industry 4.0 and to lead the team in a structured and
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orderly manner [68]. To implement Industry 4.0, vertical and horizontal integration is
required. Horizontal integration is the connection of the companies to each other in order to
coordinate transport routes and networks, through so-called decentralization [39]. Vertical
integration connects the hierarchy layers in a company, for example, to create a highly
flexible production [39,69] or to optimize processes [70]. Enablers for self-optimizing
organizations are flexibility, variability, cognition and autonomy [71] with the aim to track
KPIs, for example on energy dashboards used on the shop floor and in offices [50]. When
it comes to adopting the paradigm into organizations, sustainability and green supply
chains play an important role [72]. Business models and use cases have shown significant
potential in energy reduction, decreasing emissions, reducing waste [72-74] and optimizing
logistics by implementing networks, sensors and cyber physical systems [75].

3.1.2. Challenges

Organizational challenges include decentralization [59], handling of large amounts of
data [71,76] and convergence of different data standards to a uniform approach [77]. In
addition, high investment costs, a lack of clarity about economic benefits and challenges
in value chain integration are other important points [78]. To assist companies with
meeting these challenges, authors have done research in the development of maturity
and migration models. A well-known and used maturity model is RAMI 4.0 (Reference
Architecture Model Industry 4.0), which measures the readiness of industries with regard
to the implementations of Industry 4.0 paradigms [79]. The common objective of those
models is to transfer knowledge from the theoretical research into companies and provide
a related tool for assessing the Industry 4.0 maturity of manufacturing enterprises [56,80].
Also, capability models allow the user to assess the current status of their organization
within defined levels and decide on further steps. Issa et al. for example distinguished
between 4 levels beginning with ‘no Industry 4.0” up to the ‘Inter-organizational level” in
their research [81].

3.1.3. SMEs

SMEs (Small and Medium sized Enterprises) play a special role in research. They
are characterized by their reduced financial possibilities and by the use of the available
technologies in smaller circles [82-85]. The main challenges are to identify applications in
their processes and to measure the results of the digital solutions [85]. Authors resume
that SMEs need special support to leverage potentials of digitization and Industry 4.0 [86].
This is countered by a less complex organizational structure, which makes it easier to
implement the identified factors and develop management innovations [84,87,88]. Starting
with simple practical applications, Magadan et al. introduced their approach by digitizing
available structures using sensors and networks, for example by monitoring electric motors
in a low-cost real-time approach [89].

3.1.4. Lean 4.0

Regardless of size and vision, the principles and methods of the ‘Lean-Philosophy’
have been consistently adapted and implemented by companies since its introduction.
The paradigm shaped organizations by optimizing processes, continuous improvements,
reducing errors and implementing preventive methods for quality improvements. With the
digital technologies, a convergence between the two paradigms is discussed in the literature.
According to several studies, Industry 4.0 is able to support the lean principles respectively
so both approaches can support each other [90,91]. Lean principles are still seen as the
basis and the mainstay of successful organizations, while Industry 4.0 applications can
stabilize and support the principles [60,91-93].



J. Open Innov. Technol. Mark. Complex. 2021, 7, 68 7 of 20

3.2. People
3.2.1. The Human Role

The empirical findings of scientists agree that the human worker will continue to be an
important part of the organization and the link between real and virtual assets [94-98]. Digi-
tal and smart factories continue to depend on people as key operators rather than becoming
unmanned autonomous factories [94,97]. Nevertheless, the focus of the work is changing
from the active part towards more passive work such as observation and supervising data
and information flows [99]. The challenge will be to structure, summarize and especially
interpret the data coming from sensors and autonomous machines [94,95]. In addition
to the new practical activities (e.g., network technologies, data processing), workers also
need to develop their social skills (e.g., ability act reflective and autonomous) [57]. This
requires new human-centric design and engineering philosophies to interact with the cyber
physical systems.

3.2.2. Human-Machine Interaction

The interconnection or interaction of machines and workers plays an important
role [92]. In addition to direct interaction with the machine (H2M, collaborative robots,
etc.), virtual interaction can also take place in the form of data verification or creativity.
Above a certain level of digitization, it is not possible for workers to take a holistic view
of errors. This is where systems must provide support [99]. The resulting socio-technical
system contains the human being as the intersection between social (human-centered) and
technical (non-human) content [100]. Currently, most articles focus on new technologies
and direct collaboration. Badri et al. argues that despite the technological driver, the health
and safety of the worker also has a very important role and studies have to be designed to
gain further experience in this field [59].

3.2.3. Learning Factories

In order to prepare employees on those upcoming challenges, researchers developed
so-called learning factories for practical training [50,51,97-99,101-110]. Their aim is to
transfer the knowledge of theoretical research into the shop floor and to prepare workers
and students. With the paradigm of Industry 4.0, learning factories are a promising
approach to competence development and transferring knowledge. Studies focus on
finding appropriate learning strategies and create training sessions based on latest trends
in manufacturing, research and education in different areas of engineering [101]. Due to
current changes in the working environment and the associated increase in home offices,
training via online courses is also becoming more popular [111].

3.3. Technology
3.3.1. Enabler of Industry 4.0

Technologies are seen as enablers of Industry 4.0 and its business models over the
whole value chain [112]. In most cases, these are mobile technologies such as the usage
of clouds, data analysis, machine-to-machine and human-to-human technologies [113].
Especially in the fields of data analysis and human-machine interaction, breakthroughs
have been realized [114]. The main objective of these technologies is the improvement of
communication and information flow for data transfer between electronic media [35,115].
Authors have several approaches to structure the technologies, where the goal for example
is judged by their output (e.g., virtualization, traceability) or the differentiation between the
applications (e.g., Smart Mobility, Smart Products, Smart Machines) [51,112]. Frameworks
should not describe the technologies themselves in detail [116,117].

3.3.2. Key Technologies

Key technologies have been identified within the literature research. They are briefly
presented below and can be summarized as the Internet of Things, Cyber Physical Systems,
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Cloud Computing, Big Data Analysis, Adaptive Robots, Artificial Intelligence, Additive
Manufacturing as well as Augmented /Virtual Reality.

The IoT (Internet of Things) refers to a networked world. Machines, mobiles and
humans are embedded with electronic sensors, actuators or other digital devices to generate
data [115,118]. The purpose of this network is to collect, exchange and analyze data for
improvements or changes in the environment of the network [35]. Radio-Frequency
Identifications (RFIDs) for example can be seen as a key enabler for ubiquitous data
management [118].

Cyber Physical Systems (CPS) are mechanisms where physical objects, humans and
software are closely intertwined to create new levels of sociotechnical interactions [94,115].
The real world with its physical objects therefore consistently interacts with the virtual
world to exchange information and indicate the best decision [35,118,119]. In the field of
manufacturing, so-called CPPS (cyber physical production systems) are created [109].

Cloud Computing describes the remote computing via wireless networks, whereas
services are visualized through scalable resources over the internet [35,119]. Moreover, it is
characterized through its extremely fast response and the external storage of data, mostly
combined with Big Data [115,118].

For analysis of large unstructured, semi-structured and structured data, Big Data
Analysis was used. The technology tries to present data in an evaluable way [115] to find
patterns [35] and to support decisions [118] or to provide a basis for a decision [120].

In order to implement the technology of cyber physical systems, the human being
serves as an interface in a collaboration with machines and robots. Those Adaptive Robots
combine worker flexibility with the advantages of robotics [119,121]. The robot extends the
possibilities of the human [121,122].

Due to the increasing complexity of the systems, it is becoming increasingly difficult to
make decisions on the basis of a holistic view. Data structured by Big Data is analyzed with
Artificial Intelligence (AI) for further investigation. In several applications, Al has proven to
be a key tool when it comes to complex problems involved in demanding applications [123].
The goal of the technology is an intelligent machine that can react in a similar way to human
logic [121].

As part of the physical system, in addition to the use of Adaptive Robots, Additive
Manufacturing (AM) can be described as a key technology [122]. Also known as 3D-
printing, it is mainly suitable for the individual production of small batch sizes with high
complexity [118]. It enables the direct production of digital 3D models and therefore fits
into the digital value chain [118,119].

Another key technology is Augmented or Virtual Reality (AR, VR), where reality is
supported and mixed by the use of digital 3D models [124,125]. AR is mostly used in the
assembly of complex components or as a technical 3D-documentation in real time, often as
an aid to predictive maintenance [125,126]. Supporting time, errors and cost reduction can
be achieved [127].

New emerging technologies such as the 5G technology that has been emerging since
2019 are not key technologies in the bibliometric analysis which covers the past. This time
lag of important technologies distorts the current state of the art.

4. Results of the Bibliometric Analysis

Among others, bibliometric methods can be used to explore the impact of the field
of the publication or the impact of a set of researchers. Bibliometrics does not make any
statements about the quality of scientific publications but deals exclusively with their
quantities. It is possible to create connections between the documents and display them
using graphics [128].

One possible connection is the distributions of the articles to the multiple journals in
which they have been published. As done before regarding the present topic, Zhong et al.
for example pointed out how present Industry 4.0 is, especially for the manufacturing
sector. Leading journals are the ‘International Journal of Advanced Manufacturing Tech-
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nology’ (83 publications) and the journal ‘Computer Integrated Manufacturing Systems
(69) [34]. Within the present research, the distribution slightly changes. Still, while there
is a huge predominance of manufacturing journals, there is also a movement to journals
such as “Technological Forecasting & Social Change’ (11, Figure 4). This implies that re-
searchers see Industry 4.0 also as a way to transform the industry towards sustainability
and environmentally friendly structures (see Figure 4). Since 2015, Procedia CIRP and
Procedia Computer Science and IFAC PapersOnLine covered most of the publications
found (Figure 4).

100
m Procedia Manufacturing
z 80 .
S @ Procedia CIRP
b
= 60 A ;
= m IFAC PapersOnLine
i
2 40 -
‘g’ B Computers in Industry
2
< 20 I i @ Procedia Computer Science
0 e T Technological Forecasting

2015 2016 2017 2018 2019 2020 & Social Change

Figure 4. Distribution of publications in different journals (2015-July 2020).

Another possibility of bibliographic analysis involves using keyword analysis, which
shows the connected keywords used together. Keywords should describe the publication
and, if necessary, classify it into categories. All keywords of the 338 publications were used
as the basis for the keyword analysis. As described above, this is 5% of all publications
found. For the analysis, similar spellings were adjusted and summarized. The present
keyword network has 883 nodes and 1640 edges. In Figure 5, only keywords with an output
value range of 20 or more were considered. The keyword ‘Sustainable” also underlines
that Industry 4.0 is increasingly moving into the area of sustainability and environmental
protection. The keyword ‘Learning Factory’ is a result of the high number of university
publications and the transfer of Industry 4.0 test facilities from research to industry. The
open source software Gephi was used to create the network. This software offers different
algorithms for the representation of networks. The keyword analysis was created with the
provided algorithm ‘Force Atlas2’ [129].

/ Learning Factory «—_ Digital
1gita

Industry

Smart v\\> Augmented

Manufacturing \‘ Reality
\ Sustainable
JoT¢—

Figure 5. Analysis and relationship of the keywords.

CPS

Other authors have done comparable bibliographic analysis on Industry 4.0. Li et al.
analyzed individual keyword frequency and the focus of research in literature [130]. The
combination of individual words was not considered as well as similar spellings or thematic
duplicates (Internet of Things/IoT), but there have been the same results as in the previous
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keyword analysis in Figure 5. Yildiz analyzed the full texts of the publications [131]. Single
words like manufacturing and engineering were considered individually and not in context.
The result for the years 2012-2015 is similar to the present keyword analysis and to Li et al.
For the years 2016-2018, the number of nouns decreases for unexplained reasons and thus
diverges with the other results. Mariani does a very comprehensive bibliometric analysis of
the term Industry 4.0 [132]. Parameters such as author, citations, keywords and country of
publication have been included. The definition was analyzed in a differentiated way on the
basis of several publications. The results did not include keywords or specific qualitative
results relevant to this paper. Muhuri examined the search term Industry 4.0 and the
influence of individual authors, publishing institutes and journals [133]. As a result, the
two most frequent journals for publications were found to be Procedia Manufacturing and
Procedia CIRP. Muhuri also completed a keyword analysis and presented it in a similar
way. Again, both results are similar, only the number of keywords shown varies (same
keywords: Industry 4.0, smart manufacturing, IoT, CPS). The following Table 1 shows a
summary of the individual approaches.

Table 1. Approaches of bibliometric analysis within the scope of the literature research.

Li [130] Yildiz [131] Mariani [132] Muhuri [133]
Time period 2012-2019 2012-2018 2012-2018 * 2012-2017 *
Number of 3.548 4.029 757 1.619
papers
Scopus, WoS **, .
Database Scopus Scopus Google Scholar Scopus, WoS
. Authors,
Analyze Keywords Complete Text AuthO.r S Bankmg, Journals,
Citations
Keywords
Evaluation Scimat, Proprietary software .
software N/A VoSviewer based on Python VoSviewer
Industry 4.0,
Industry 4.0, Industrie 4.0,
Search queue Industrie 4.0 Industry 4.0 Industrial Industry 4.0
Revolution

Note: In the forth column, * 1st October, ** Web of Science; In the fifth column, * 10th October, ** Web of Science.

For the present bibliometric analysis, the descriptions found in the 340 publications
are used. They have been scanned and extracted by the authors. Definitions in German
language were translated into English. If authors cited the descriptions or definitions of
others, they were treated as their own opinions. A floating text document (*.txt) with all
found descriptions was created for the analysis using a bibliometric algorithm. Statistical
analysis allows for empirical statements about quantitative properties in linguistics such as
word frequencies or collocation frequencies. Collocations define a related group of words,
which occur statistically significantly more often than by random chance, like ‘Industry
4.0’ or ‘Industrie 4.0" [134]. The specific length of the collocations was chosen as a group of
two to four words. This simple statistical approach enabled analyzing the keyword density
without a direct semantic view. Nevertheless, since the algorithm separated each word
from the descriptions and its contextual meaning, the method provided a general overview
and was able to cluster the most important collocations in the context of Industry 4.0.

Within the 340 analyzed publications, 260 have included definitions whereas 80 do not
include any descriptions or definitions in their publications (31%). One can assume that
these authors took the concept as given or that they were not able to define Industry 4.0.
Generally, authors using the German term focused more on giving the reader a description,
especially in the first years after its introduction (until 2017). The more popular the term
was, the less often a proper description was given. In 2019, nearly 50% of the authors using
the English expression abandoned providing a definition.
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The goal of the bibliometric analysis was to illustrate the collocations for forming
a general definition of Industry 4.0 (Figure 6). In almost every definition, the phrases
‘Industry 4.0" or ‘Industrie 4.0’, respectively and ‘Fourth Industrial Revolution” were used
as introductory words. In order to show collocations linked to the topic, these phrases are
not illustrated in Figure 6.

Internet of Things
Hs

Smart Factories

| EY
Cyber Physical Systems
B
Big Data
[ B

Cloud Computing
25

Real Time
22

Value Chain Information and Communication
21 13

Artificial Intelligence
17 Communication Technologies
17

[l Amount of mentions of all collocations

Figure 6. Overview of the most frequent collocations to define Industry 4.0 in the reviewed literature.

The Cyber Physical System (110) is the most used collocation in relation to describing
Industry 4.0. In addition, the Internet of Things (76), Smart Factories (40), Big Data (31)
and Cloud Computing (25) are highly used phrases (see Figure 6). Although the main
focus of Industry 4.0 is the manufacturing sector, phrases like ‘Production Processes’ (12),
‘Manufacturing Industry’ (12) and ‘Manufacturing Systems’ (11) are used less often.

5. Forming a New Definition

As shown above, currently there is no definition for the term “Industry 4.0”. For the
definition, the top 10 collocations from the analysis as shown in Figure 6 were considered.
The publications used for the analysis describe the term or find a definition for their
application / business area. The aim was to form a concise definition from all these
explanations. Therefore, the top 10, the most important ones, were taken to form a sentence.
The aim of writing a sentence was to avoid generating another description of the term.
Due to the interchangeability of the collocations, multiple orders for the definition itself are
possible. The definition was structured by the numerical appearance of collocations starting
with the most frequent used collocation (Cyber Physical Systems, 110), which is also the
key component of this definition. Influenced by the approach of the extensional definition,
the authors developed a possible definition starting with the paradigm of ‘Industry 4.0":
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“Industry 4.0 is the implementation of Cyber Physical Systems for creating Smart Facto-
ries by using the Internet of Things, Big Data, Cloud Computing, Artificial Intelligence
and Communication Technologies for Information and Communication in Real Time over
the Value Chain.”

In this order, the definition covers the paradigm (Industry 4.0), what it is (implementation of
Cyber Physical Systems), why it is necessary (creating Smart Factories [...] for Information
and Communication in Real Time over the Value Chain) and how it is done (by using the
Internet of Things, Big Data, Cloud Computing, Artificial Intelligence and Communication
Technologies). The definition aims to cover all aspects regarding the information (creation,
sharing, transfer and storage).

6. Discussion

The Industry 4.0 paradigm and its technologies are transforming the economy and
its production. While from the customer’s point of view ever shorter product life cycles
demand faster innovation, this can be solved by organizations through technologies,
networking and open innovation [11]. A standardization [10] or a definition of Industry 4.0
would lead to a more focused research as well as a better framework for implementation in
companies. However, there is no definition available yet [11,45,46]. Commonly, definitions
enable an objective understanding of a phrase and create value beyond its intended purpose
of describing something effectively [16]. Results show that the absence of a clear definition
of Industry 4.0 leads to a loss of confidence in understanding this term [43] and to a
restriction of its usage [63]. In addition to a scientifically sound definition, this reflects the
understanding of the term Industry 4.0 in other aspects such as morality, sustainability and
social-economic aspects. Therefore, a conscious attempt was made to pursue an objective
and unbiased approach. Case studies, which would contribute to understanding but also
subjectively distort the term, have been avoided. Instead, a definition was formed using
statistical word analysis. All the analyzed publications form a definition and contribute to it
individually. The informative value of the analysis was limited by a number of factors. The
understanding of the term was based exclusively on the literature on Industry 4.0, derived
from only one database and one search term variating in the German and English languages.
Only articles published in ScienceDirect were used for the data collection [30]. The inclusion
of search results from other databases, a larger number of publications or related terms
such as Internet of Things may enrich the understanding of the concept and could lead to
a better representation of the aspects mentioned above. This was already recommended
by Beier in the area of sustainability [44]. The limitation reduces the objectivity of the
results, but in a first step it shows a novelty definition that can be further developed by
adding other databases such as Scopus in [130,131] or Google Scholar and Web of Science
in [132]. The interdisciplinary scientific work found in this expansion also would increase
the objectivity of the definition. Nevertheless, with the ScienceDirect database, a technical
and objective definition could be obtained. This is also evident in the literary comparison
with the bibliometric analysis already carried out. Muhuri et al. [133] as well as Zhong
et al. [35] came up with similar results in the keyword analysis using different databases
such as Google Scholar, Web of Science and Scopus. In all three databases, the main words
are Industry 4.0, cyber physical systems, Internet of Things and smart manufacturing.
Some of the journals in ScienceDirect can also be found in the Web of Science and Scopus
databases (e.g., Procedia CIRP, Computers in Industry). Despite a certain scepticism
towards the introduced definition, the comparisons with other results show that it is valid
and justifiable.

The challenge of a general definition also lies in the nomenclature of publications. Cur-
rent research identifies different terms of Industry 4.0 [35]. This makes general structuring
more difficult and increases the risk of misjudging essential keywords. This might result
on a focus in technical reviews such as Zhong et al. [35] or Culot et al. [42]. Additionally,
the authors noticed in the structure of the existing publications that the human perspective
is less focused. Here it is mainly about learning factories [102,103]. The clear technological
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orientation of Industry 4.0 can be seen [112]. The authors agree with this analysis but point
out that humans are a key part of the paradigm. Therefore, the focus should be lightened.
This analysis might also shift with a wider database and an expansion of the search words.
As shown in the analysis of the most relevant journals, the composition of the top five
is constantly changing. As an example, the journal “Technological Forecasting & Social
Change’ has become more and more in focus in recent years (see Figure 4). The trend of
taking social facets into account has also been shown in the literature review. Even if there
is a lack of knowledge, the human role is becoming more important and science is working
with great interest in learning factories.

The bibliometric analysis shows the frequency of the individual collocations in a
technical-oriented perspective, but not the order or even a finished definition. In the
creation of the definition, the choice of the composition in the order of the words does not
follow any scheme, but is chosen freely and meaningfully. The authors have subordinated
the order to the goal of forming one coherent and logical sentence. This can also be solved
in another context by using several sentences. A definition of the most frequently found
collocations can also be seen as a definition. However, this increasingly shifts the boundary
of a definition towards a description.

Within the 340 analyzed publications, 80 do not include any descriptions or definitions
in their publications (31%). One can assume that these authors take the concept as given
or that they have not been able to define Industry 4.0. Therefore, it is clear that subjective
opinions of the authors have been included in the new definition, even if this was pre-
vented by methodology. For this purpose, the link between the words in the definition
was represented by their frequency. Within the 10 most frequently found collocations, a
technology-heavy trend can be seen. Only ‘Real Time’ and ‘Value Chain’ do not represent
this trend. In addition, there are large differences in the frequency of the mentions. Cyber
physical system [94,118,119] was mentioned 110 times, while Internet of Things [115,118]
was mentioned 76 times. The gap to the next most frequent collocation, Smart Factories
(40 mentions), was large. The authors point out that they could alternatively reach a very
short definition of Industry 4.0 by only naming these two collocations.

Methodological aspects are usually overlooked due to a lack of definition and the
purely theoretical development that goes along with it. This was criticized by Culot and
discussed despite the lack of a clear definition [42]. The benefits from this present work
could establish and describe the paradigm for further implementation and acceptance
in theory and practical environments, as was also criticized in [15]. Due to the fast-
emerging field of digitization and upcoming technologies, the proposed definition will
likely be adopted, variated or changed over time. It has to be considered as valid for
a limited time and as steadily changing, especially in the beginning of Industry 4.0. If
the necessary conditions are fulfilled, the definition has to be adjusted properly based on
future publications. Due to the complexity of the subject matter and the ongoing progress
in technology, such a bibliometric analysis should be done frequently. In this way, the
definition can be adapted to current developments and industry users understand the
term. It lowers the barriers for private individuals or industrial companies to enter the
Industry 4.0 sector.

7. Examples and Validation

The four following examples are shown to evaluate the introduced definition. To
guarantee a broad validation, publications besides the manufacturing sector were excluded.
Those publications are already mentioned above and are settled in the fields of construction,
food, medicine and supply chains.

Oesterreich and Teuteberg adopted the implications of digitization to the construction
industry [17]. Besides their systematic literature research, they pointed out the benefits
of Industry 4.0 for the construction industry. Many tools and technologies have reached
market maturity and could be used to digitize the construction industry. Those would be
economic benefits like cost and time savings, advantages for workers such as higher safety
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and better representation like an improved Customer-Relationship-Management and an
improving sustainability. Additionally, challenges and problems are identified and sum-
marized. Within the approach to link the definition with the construction industry, smart
factories are substituted by smart buildings, whereas the IoT, Big Data and communication
technologies remain the same. Oesterreich and Teuteberg pointed out that the key fea-
tures for implementing Industry 4.0 in the construction area are the horizontal integration
through value networks, which are similar to the goal of the introduced definition.

In the next case, the Luque et al. analyze the food sector regarding Industry 4.0 through
literature research. Therefore, the scope of the research includes planting, harvesting,
processing, producing as well as selling and serving food [18]. Technologies always have
been a main driver in the food sector to increase growth rates and sustainable packaging
and delivering. Although some technologies have not matured yet, the developments of
the IoT, Cloud Computing, Big Data and cybersecurity led to a massive change in the food
supply chain. Those technologies also are the main drivers in the introduced definition. As
the maturity in the food sector has not yet been reached, the entire value chain cannot be
networked yet. Although the definition can be applied here, it should be understood in a
more future-oriented way.

The next example is about Industry 4.0 and its application of design principles on the
future health system [19]. Therefore, Health 4.0 acts as a buzzword to cover the new trends
and concepts of the industry, which includes personalization and the care in real time by
using smart devices. Thuemmler et al. argue that an intensive use of cyber physical systems,
cloud computing, the internet of everything as well as mobile communication networks
are the enabler of these new design principles. In context to the introduced definition,
the value chain is represented by the treatment of the patient, which is transformed by
those new technologies. As if the introduced definition slightly focuses on the production
industry (smart factories), the concept of Health 4.0 implements a virtual treatment room
as a service. As a result, the definition of Industry 4.0 also is applicable to services.

For the convergence between supply chain management and Industry 4.0, Tjahnono et al.
analyzed the impact of the digital technologies on the value chain as a whole [22]. Even if
there are only a few practical examples on the impact of Industry 4.0 on the supply chain
management, it is considered that there is a change in the way that companies structure
and organize themselves. In particular, technologies like the IoT and Radio-frequency iden-
tification (RFID) affect the organization and its information and communication systems.
This implies that the introduced definition could be adopted to the area of supply chain
management as well. Within the adoption, the focus changes from the creation of a cyber
physical system towards the communication in real time over the value chain. Nevertheless,
cyber physical systems are created by adding RFID-Tags on the physical products.

8. Summary and Conclusions

Industry 4.0 is understood by many as a vision, a concept or a paradigm. Even though
the term Industry 4.0 is not defined yet, it is used in headlines, keywords and abstracts to
gain attention as a buzzword. Objects and projects often are named after the suffix ‘4.0". This
shows the attention experts are giving to the paradigm and its concepts. Due to the lack of
a uniform understanding of ‘Industry 4.0’, the present paper aims to create a technological-
oriented definition by doing a bibliometric analysis of 340 publications in the database
of ScienceDirect. The literature was classified by a review into the fields of organization,
human and technology. Per the aforementioned methodology, a bibliometric approach was
used to analyze the plain text fragments. The missing semantics led to inaccuracies such as
multiple mentions of keywords in one description. In addition, several authors referred to
and cited descriptions of other publications regarding the German government’s ‘Platform
Industrie 4.0’ [135]. Nevertheless, the definition describes the scope and mentions the
paradigm, its necessity and its way of implementation. The definition was tested and
successfully validated on four examples from different professional areas (construction,
food sector, health system, supply chain management).
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The key results of the present research are:

e  Many authors do not focus on a definition or description of Industry 4.0 in their
publications. On the one hand, the term might be seen as implicitly understood; on the
other hand, there is no clear and holistic definition available. Moreover, they describe
Industry 4.0 as an umbrella term, concept or vision.

e  The literature review shows the focus on key technologies and the lack of research in
a worker environment. This trend was increased by the selection of the technological-
oriented database. However, a trend towards compensating for these deficits is
recognizable in the appearance of the journals in which the articles were published.

e  The top three collocations are on Cyber Physical Systems, the Internet of Things and
smart factories. This shows a very technological direction, which was to be expected
due to the selected database.

e  Within the methodology, the definition of Industry 4.0 is as follows: ‘Industry 4.0
could be defined as the implementation of Cyber Physical Systems for creating Smart
Factories by using the Internet of Things, Big Data, Cloud Computing, Artificial
Intelligence and Communication Technologies for Information and Communication
in Real Time over the Value Chain.’

e  The definition successfully was tested and validated on four examples from differ-
ent professional areas such as construction, food, health system and supply chain
management.

In the authors’ opinion, further research can lead in two basic directions. First, the
database should be expanded alongside the existing ScienceDirect database. This expansion
would make the definition of Industry 4.0 more interdisciplinary and more valid due to
increased data volumes. The technological orientation would thus be able to give way to a
broad and generally valid definition. The authors suggest basing the further selection of
databases on analyses already carried out by Li, Yildiz and Mariani and Muhuri [130-133].
They used Scopus, Web of Science and Google Scholar.

Second, an intelligent algorithm or Artificial Intelligence can be used to search for
the description or definition of the authors within their publication. Artificial Intelligence
also is able to analyze the extracted text fragments. Especially with the combination of
semantic and trained artificial neuronal networks, the scope of analysis could be extended
to give a more precise and detailed overview [136]. Artificial Intelligence makes it possible
to analyze semantic data faster and more objectively [137]. In particular, the order of
words and their connection to the whole description within a publication could help to
develop another statistically more secure definition than the present work. In a next step,
a given algorithm can thus be compared with the results of the presented definition on a
small scale.

Despite the success of the present analysis, the term ‘Industry 4.0” will have to be
monitored in the future. As discussed before, due to the rapid developments through open
innovation, a valid definition can only be guaranteed through equally frequent validation,
new data collection and adjustments of the definition. As proposed, further analysis for
more extensive and semantic-including definitions needs to be conducted. This effort
might lead to more precise definitions and strengthen the position and implementation of
Industry 4.0.
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