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Abstract

As aresult of increasing globalization, manufacturing companies are confronted with rising costs and time pressure. A pos-
sibility to counter these challenges is Industry 4.0, which focuses on optimizing industrial processes and is characterized by
the digitalization and networking of all value chain participants. This paper elaborates the one-to-one interrelation between
relevant Industry 4.0 technologies using the Delphi study method and interdependency matrices. Based on this, an Industry
4.0 implementation sequence for manufacturing companies is derived and validated by experts. The contribution shall serve
as an essential basis for companies to implement Industry 4.0 in their production.

Keywords Industry 4.0 - Industrie 4.0 - Interdependency - Implementation sequence - Strategy - Production - Smart

factory - Smart manufacturing

1 Introduction and motivation

Due to globalization, mass personalization, and saturated
markets, manufacturing companies face a complex produc-
tion environment characterized by rising quality require-
ments, steadily shortening product life cycles, and signifi-
cant cost pressure on production processes across the entire
value chain [1, 2]. A more flexible organizational structure
and the optimization and digitalization of production pro-
cesses in the sense of Industry 4.0 are required to coun-
ter these challenges [3]. Industry 4.0 focuses on enhanc-
ing companies' processes, products, and business models
[4] and is characterized by the digitalization and intelligent
networking of all value chain participants in real-time [5, 6].
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Therefore, various innovative technologies are used, such as
sensors, predictive maintenance, or cloud technologies [7].
The implementation and interaction of the technologies lead
to comprehensive efficiency, cost, and flexibility benefits and
secure future competitiveness for manufacturing companies
[8]. For example, machine data can be collected in real-time
using sensors and analyzed by Al technologies to predict
machine failure [9]. In this way, machine runtimes can be
extended and maintenance and production costs reduced.
The machine's real-time information can also be shared with
customers and suppliers to adjust production sequencing,
and inventories in the supply chain can be reduced [10].
However, small and medium-sized manufacturing enter-
prises have problems implementing Industry 4.0 technolo-
gies in a structured and targeted manner in production. The
main reasons are the lack of know-how and transparency,
which also leads to a missing implementation strategy. [11]
Consequently, it is essential to analyze the impact and type
of the one-to-one interdependencies between relevant Indus-
try 4.0 technologies to support manufacturing companies in
creating a reference implementation strategy [6].
Therefore, this scientific paper provides an overview of
the one-to-one correlations of Industry 4.0 technologies and
presents an Industry 4.0 reference implementation sequence
for manufacturing companies. Thus, this contribution sup-
ports manufacturing companies in designing implementa-
tion sequences and empowers them to create a self-managed
digital transformation process. The following section sets up
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the reference frame of the paper's scientific fields and intro-
duces Industry 4.0. Afterward, the current state of research
and a methodological approach to create an implementa-
tion sequence are presented. Based on this, the Industry 4.0
interdependencies are elaborated, and an implementation
sequence is derived. Finally, the implementation sequence
is validated by experts from industry and science.

2 Fundamentals of Industry 4.0

Industry 4.0 aims to optimize industrial value creation and
shapes the redesign, realignment, and further development
of existing production systems [12]. This digital transforma-
tion is characterized by digitizing and networking all prod-
ucts, processes, and business models in the manufacturing
industry [13] to effectively and efficiently design material
and information flows along the value chain [7]. Industry 4.0
incorporates a variety of different technologies [14]. Accord-
ing to Ruessmann et al. [15], Gilchrist [16], and Wang AND
Wang [17], nine major technology fields enable industrial
production transformation. The main technology fields are
shown in the following figure (Fig. 1). In the illustration,
augmented reality has been replaced by assistance systems
since augmented reality, as cognitive assistance systems, is
a part of the higher-level technology field of assistance sys-
tems [18-20]. The fields are clustered by smart interaction,
smart data, and smart operation. [19]

The technology field simulation can be used to repre-
sent actual conditions virtually [15]. For example, machine
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Fig. 1 Overview of Industry 4.0 main technology fields according to
Ruessmann et al. [15] and Gilchrist [16]
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processes can be evaluated in advance using data transmitted
in real-time [15]. Thus, simulations can be used to validate
and adapt complex issues or processes before real-world
application [2]. Another leading technology field is assis-
tance systems that support the employee on a cognitive or
physical level in performing his or her activities in the work
environment [2, 21, 22]. Autonomous processes assist in
accomplishing complex tasks or perform them entirely on
their own and present another leading technology in Indus-
try 4.0. As, e.g., autonomous robots evolve into increas-
ingly flexible and cooperative constructs, automation will
also continue to advance. [15] Supplementary, the inter-
net of things (IoT) describes the networking of objects from
the real world with their representatives from the virtual
world and aims to connect large numbers of objects through
standardized technologies [15, 23]. In addition, according
to Ruessmann et al. [15] and Mell and Grance [24], cloud
technology provides a possibility for sharing, exchanging,
and editing data over the internet by networking computer
systems. The consequence of new Industry 4.0 technolo-
gies is increasing connectivity and communication, which
requires protecting production systems [15]. Cybersecurity
intends to secure sensitive and confidential company data
and, therefore, is an essential technology field [23]. Additive
manufacturing involves the direct generation of components
according to automated layer construction principles. By
relying on computer-internal data models, additive manu-
facturing belongs to the generative manufacturing processes.
The successively applied layers ensure that the desired final
geometry is achieved [15, 25, 26]. Furthermore, horizontal
and vertical system integration creates complete integration
across all functional and corporate levels leading to robust
and efficient networking of different participants across the
value chain [15, 27]. Another leading technology is big data
and analytics which goal is to collect and analyze large
amounts of data from various processes in real-time. The
data is provided by production systems or machines as well
as e. g. from Customer-Relationship-Management (CRM) or
Enterprise Ressource Planning (ERP) systems. In addition,
data analytics can identify patterns in complex data sets to
make predictions about future behavior by using, e.g., arti-
ficial intelligence solutions [15, 23].

3 State of the art

This section presents the state of research based on a com-
prehensive literature analysis to identify and analyze relevant
Industry 4.0 implementation sequence models. In addition,
maturity models were considered, which indicate an ideal-
ized implementation sequence for a specific area based on
best or common practice knowledge [28]. Thus, the selected
maturity models include Industry 4.0 implementation
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sequences, which can be used as additional references.
The following figure provides an overview of the literature
sources contributing to the listed number of Industry 4.0
models for further selection (Fig. 2).

In total, more than 250 Industry 4.0 models could be
found by analyzing the contributions of fourteen authors.
Additional models were identified by conducting a literature
review using the providers OPAC, Gateway Bayern, Scien-
ceDirect, Research Gate, and Google Scholar. The search
terms Industry 4.0, implementation strategy, implementa-
tion sequence, maturity model, readiness, and roadmap were
used and linked with logical operators of Boolean algebra
for conjunction (and) and disjunction (or). For the pre-selec-
tion, duplicates were removed and also filtered by using the
following criteria:

Topic: Industry 4.0

Focus: Production

Documentation: Scientific documentation
Accessibility: Public accessibility

Document types: Conference papers, reviews, and arti-
cles

e Subject area: Engineering

As a result, 30 Industry 4.0 models have been identified
and systematically analyzed in two steps. First, the models
were characterized by their type, scope, and nine technol-
ogy fields. The technology fields shown in Fig. 2 were used,
as they represent the essential technology areas of Industry
4.0 [15] and are thus crucial for a holistic implementation
sequence [16]. In addition to step one, the transparent pres-
entation of Industry 4.0 technologies’ interdependencies is
also of decisive importance for developing and introducing
an implementation sequence. Therefore, the models that

Fig.2 Methodical selection
of implementation models for

meet the requirements were examined in a subsequent step
to determine whether they include the Industrie 4.0 tech-
nologies’ interdependencies. The result of the first step is
presented in the following figure (Fig. 3).

As shown in Fig. 3, most models originate from
research projects or scientific contributions (80%), and
70% are not suitable for self-application. The need for
an external application implies that the models are not
freely available or very complex in their application. In
contrast, a user-friendly and transparent self-application
is a critical success factor in creating a company-specific
Industry 4.0 implementation sequence. Moreover, the
“Industrie 4.0 Maturity Index” by Schuh et al. [53], the
“decision support model for implementing Industry 4.0
methods” by Liebrecht et al. [41], and the “maturity level-
based assessment tool” by Rauch et al. [51] are the only
models that include at least more than seven of the nine
main technology fields. Therefore, these three models
are further investigated concerning the Industry 4.0 tech-
nologies’ one-to-one interdependency. The Industrie 4.0
Maturity Index [53] and the model presented by Rauch
et al. [51] do not provide a comprehensive one-to-one
interdependency matrix to generate transparency on their
interaction and implications for manufacturing companies.
The model presented by Liebrecht et al. [41] is based on
sixty Industry 4.0 methods, e.g., paperless manufacturing
or change management, which the authors derived from
industry projects and over 200 use cases described on two
different internet platforms. The Industry 4.0 methods are
linked in a correlation matrix using literature analysis and
expert workshops. The procedure for deriving the matrix
is not described in detail. Afterward, the authors derive
an implementation sequence based on a System Dynamics
model to support companies. The scientific contribution of

Industry 4.0
AKDIL ET AL. (2018):

CANETTA ET AL. (2018):
COLLI ET AL. (2018):
DA SILVA ET AL. (2019):
FELCH ET AL. (2019):
GOKALP ET AL. (2017):

HizAM-HANAFIAH ET AL. (2020):

4 models HOLZLE ET AL. (2019): 94 models
27 models KESKIN ET AL. (2019): 7 models
4 models MITTAL ET AL. (2018): 15 models
11 models RAUCH ET AL. (2020): 13 models
20 models SCHUMACHER ET AL. (2016): 5 models
7 models SONY & NAIK (2020): 8 models
30 models LIEBRECHT ET AL. (2021): 5 models

30

Implementation models
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Fig.3 Analysis result of the
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Liebrecht et al. [41] covers a wide range of Industrie 4.0
methods, but it does not include all nine technology fields
or advanced technologies in equal measure.

However, the identified models provide an excellent
scientific basis for analyzing the interdependencies and
validating the Industry 4.0 implementation sequence.
Especially the approach of Liebrecht et al. [41] can be
used and extended by a, e.g., comprehensive bibliometric
literature analysis using text mining algorithms or a Delphi
study method.

@ Springer

4 Methodical approach

The following methodical, application-oriented approach is
presented to identify a one-to-one correlation of relevant
Industry 4.0 technologies and to derive a reference imple-
mentation sequence. Such a correlation matrix should be
based on a clear production perspective and include Industry
4.0 technologies of considerable importance for manufactur-
ing companies. Moreover, the targeted matrix and imple-
mentation sequence shall be based on a proven, systemic,
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and methodical planning procedure, as Aull [58], Dillinger
et al. [59], and Liebrecht et al. [41] presented.

The approach can be divided into three major phases
(Fig. 4). In the first phase, the relevant technologies need
to be selected. Therefore, a structured literature review as
presented by Rowley AND Slack [60] and an analysis of
various use cases based on the platform Industry 4.0 [61]
are to be conducted. In addition, the selection needs to be
validated and adjusted through online surveys and semi-
structured expert interviews with participants from science
and industry. This multi-stage process ensures that research
and industry perspectives are considered and that innova-
tive technologies relevant to manufacturing companies are
identified and selected. Moreover, technology profiles are
prepared for the selected technologies to ensure a consistent
understanding in the subsequent phases.

The selected technologies provide the basis for phase two,
in which the type and impact of the one-to-one Industry 4.0
technologies' interactions need to be investigated. The tech-
nologies' interrelation can be positive, negative, or independ-
ent. Therefore, a literature review, an analysis of Industry
4.0 use cases based on the Plattform Industry 4.0 [61], and
an initial Delphi study [62] with experts from industry and
science will be conducted.

With the help of the Delphi method, the reliable obtaining
of consensus of expert opinions should be achieved [63].
Thus, the Delphi method focuses on solving a complex prob-
lem by gathering the individual contributions of selected
experts [64]. Therefore, an anonymous, iterative feedback
technique avoids mutual influence and a possibly resulting
group dynamic [63, 65]. The expert group usually comprises
between 5 and 20 experts [65]. First, the Delphi study will be
repeated until one correlation matrix is achieved, indicating
the technologies' impact [65]. The study will be continued
in step two to determine the type of correlation. The type
indicates whether it is a prerequisite or a supportive relation-
ship. In case of a prerequisite connection, "technology A"
must be implemented before "technology B". A supportive
relationship indicates that it has no direct influence on the
implementation sequence, but the technologies positively or
negatively affect each other. Therefore, the Delphi method
will be continued based on the impact matrix. The result is
an interdependency matrix that indicates the type and impact
between the Industry 4.0 technologies.

Based on the findings of the preceding phases that are
summarized in the interdependency matrix, an implemen-
tation sequence can be derived in phase 3. The reference
Industry 4.0 implementation sequence is based on the

I Selection of Literature review Ove”’iti‘z f;gvgrr?tﬁles of
Industry 4.0 .
technoiogies ' . Industry 4.0 technologies

Analysis of various use cases
Online survey
Expert interviews
1] Interdependency Literature review Interdependency
analysis » matrix
(&}
Analysis of various use cases é
Delphi study method (part 1)
[h)
Delphi study method (part 2) S
1 Implementation Derivation of an implementation strategy Implementation sequence
strategy
Validated implementation strategy

Fig.4 Methodical approach to derive an implementation sequence
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technologies' type and impact and is subsequently validated
and discussed by industry and research experts.

5 The Industry 4.0 implementation
sequence

5.1 Phase I: selection of the Industry 4.0
technologies

First, a systematic literature analysis was carried out based
on the database Scopus to preselect relevant Industry 4.0
technologies for manufacturing companies. According to the
guidelines for a literature review of Rowley AND Slack [60],
research categories and keywords were derived from various
scientific contributions. In addition, research categories are
derived from the work of e. g. Vernim et al. [66] or Wich-
mann et al. [67]. The nine main technology fields, shown in
Fig. 2, were used as keywords.

The identified six research categories and the keywords
were linked with logical Boolean algebra operators for con-
junction and disjunction. The literature analysis was lim-
ited to a publication period from January 2016 to October
2020, conference papers, reviews, and articles related to the
research field of engineering [66]. After the scientific con-
tributions were preselected, the remaining 43 publications
were used to identify relevant Industry 4.0 technologies.

In addition to the literature analysis, more than 300
relevant use cases from the German Federal Ministry for
Economic Affairs and Energy's Industrie 4.0 platform [61]
focused on production and supply chain were analyzed. The
development stage of the use case technologies varies from
research and development (12.5%), demonstrators (18.2%),
market launch (22.7%) to market maturity (46.6%). Thus,
both established and emerging Industry 4.0 technologies
were considered. After conducting the literature review and
the use case analysis, twenty-four highly relevant technolo-
gies for manufacturing companies could be identified.

Last, the list of preselected technologies was validated
and, if required, expanded by experts from the industry and
science. Therefore an online survey with 32 participants
was used to assess the selected technologies concerning the
manufacturing companies' success. Most experts belong
to the automotive industry (34.4%). Mechanical and plant
engineering accounted for 25%, construction for 12.5%,
electrical and electronics for 9.4%, wood and furniture for
6.2%, and rubber and caoutchouc for 3.1% of the survey par-
ticipants. The online survey results and the semi-structured
expert interviews confirm the pre-selection of Industry 4.0
technologies and expand it to include machine-to-machine
communication and CAX technologies. [19]

In total, 26 Industry 4.0 technologies were identified
that are highly relevant for manufacturing companies. This

@ Springer

selection is shown in the following figure (Fig. 5). The
shown clustering and the assignment of the technologies to
the technology fields are based on preliminary work by the
author [19] and result from bibliometric literature analyses
using text mining algorithms and further comprehensive
expert interviews.

Based on the selected technologies of the first phase,
an interdependency analysis can be conducted to identify
the one-to-one impact and type between the Industry 4.0
technologies.

5.2 Phase Il: interdependency analysis

The goal of the second phase is to analyze the impact and
type between the single Industry 4.0 technologies. First, the
technologies' one-to-one impacts have been analyzed with
a literature review, a use case analysis, and an initial Delphi
study.

The literature review was carried out with the software
VOSviewer. VOSviewer enables multi-dimensional scal-
ing and clustering of bibliometric data. The correlations of
the terms can be examined and displayed using a co-occur-
rence analysis. The necessary structured literature research
was based on the Scopus database and referred to relevant
contributions from the field of Industry 4.0. The keywords
were based on the leading technology fields according to
Ruessmann et al. [15], Wang AND Wang [17], and Gilchrist
[16] and linked with logical Boolean algebra operations. A
publication period between 2011 and 2021 and the restric-
tion to conference papers, reviews, and articles from the
research field engineering were chosen as limits. In total,
more than 4.000 scientific articles could be identified for
the VOSviewer analysis. Afterward, a text-mining algo-
rithm was used to analyze the one-to-one interdependen-
cies between the 26 Industry 4.0 technologies. Therefore,
duplicates have been removed, and a thesaurus database was
created for synonymous terms, such as autonomous vehi-
cles and AGV. The result of the analysis is visualized in a
two-dimensional bibliometric network in Fig. 6. The more
frequently two terms are mentioned together in a scientific
contribution, the closer they are located to each other in the
network, and the thicker the edges between the two technolo-
gies are. The results of the literature analyses were finally
transferred into an interdependency matrix by using the fre-
quency and occurrence number of interactions.

Additionally, various industry use cases were analyzed
with the help of the Industry 4.0 platform [61]. According
to the first phase, 308 relevant use cases from the area of
production and supply chain of German companies were
examined. The analysis focused on the one-to-one impact
of single Industry 4.0 technologies. For example, when
introducing predictive analytics in manufacturing, real-
time capable data acquisition by sensors is an essential
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Fig.5 Industry 4.0 technology circle according to Dillinger et al. [19]

prerequisite [61]. These results were also transferred into
an interdependency matrix by considering the relative fre-
quency of entries between the technologies. The interde-
pendency matrices of the literature and use case analysis
are essential inputs for the following Delphi study.

The Delphi study was conducted with nine experts
from industry and science in two main phases over sev-
eral rounds. In the first phase, the experts assessed the
impact between the technologies to determine the type of
interaction subsequently. As shown in Table 1, the panel
sampling of the experts was heterogeneously composed
to avoid biases.

First, the experts assessed the impact independently using
an interdependency matrix. The evaluation was made with
the help of a seven-point Likert scale (see Table 2). The
scale ranged from a strong negative to a strong positive
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correlation impact. The maximum values (— 3;+ 3) were
distributed equally to counteract possible influences.

After that round, the experts' individual interdepend-
ency matrices were merged with the literature review
results and the interdependency matrix of the use case
analysis. Therefore, the mean value and the standard devi-
ation were calculated for each interrelation between two
technologies. In the following two rounds, the experts had
to validate and modify the merged interdependency matrix
and assess the type of correlation between the technolo-
gies. The type of correlation between two elements can be
prerequisite or supportive, as described in Sect. 4. The fol-
lowing interdependency matrix presents the Delphi study
result, including the technology's one-to-one impact and
type (see Table 3). The type is indicated with a "V" for
prerequisite and a "U" for supportive. The impact varies
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Table 1 Anonymized overview of the panelists

W Ceybersgcurity

data privacy

data security

Table 2 Likert scale for assessing the impact between the elements

Expert 8 Project leader Consultancy

Experts Job Company Company type Impact Description
Expert 1 Head of Lean A Automotive industry -3 Strong negative correlation impact
Expert 2 Head of maintenance B Logistics -2 Medium negative correlation impact
Expert 3 Scientist C Research institute -1 Low negative correlation impact
Expert 4 Head of production D Mechanical Engineering 0 No correlation impact
Expert 5 Digital manager E Mechanical Engineering 1 Low positive correlation impact
Expert 6 Head of Engineering A Automotive industry 2 Medium positive correlation impact
Expert 7 Project leader F Mechanical Engineering 3 Strong positive correlation impact
G
C

Expert 9 Project leader Research institute

according to the Likert scale in Table 2 from a strong neg-
ative correlation (— 3) up to a strong positive correlation
(+3). The reading order of the following table is from row
to column. Thus, the technology in the row is a prerequi-
site or support for the technology in the column.
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5.3 Phase lll: Industry 4.0 implementation
sequence

In Table 3, 650 correlation possibilities were examined,
and a specification was made between prerequisite ("V")
and supporting ("U") correlation. The correlations can also
have a single, double or triple influence on each other.
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According to the experts, the use case and literature analy-
sis, 151 technologies have a low positive correlation (1),
whereas 172 elements have a medium positive correlation
(2) and 53 have a strong positive correlation impact (3).
Moreover, the panelists identified no negative correlation
between the technologies and 125 prerequisite and 251
supportive correlations. As a result, many interactions
between the individual technologies must be considered
when creating an Industry 4.0 reference implementation
sequence for manufacturing companies.

Based on the design structure matrix (see Table 3), an
Industry 4.0 reference implementation sequence of the 26
selected technologies can be derived. Therefore, the pre-
requisite interrelations between the technologies should be
considered. Consequently, technologies can only be initi-
ated if all the prerequisites have been fulfilled. In addi-
tion, supportive elements are positioned as close together
as possible. This procedure results in seven successive
implementation levels until a cyber-physical (production)
system (CPPS) can be implemented in Level 7. The levels
were labeled based on the six levels of Schuh et al. [53]
and extended by one additional level security (Level 1).
The other levels are computerization (Level 2), connectiv-
ity (Level 3), visibility (Level 4), transparency (Level 5),
predictive capacity (Level 6), and adaptability (Level 7).

The level security was additionally introduced because
it is the basis for a secure and legally compliant imple-
mentation of Industrie 4.0 and is essential to prevent cyber
attacks. The second and third levels rely on introducing
sensor and actuator solutions, RFID tags (auto ID), a com-
pany-wide cloud, or the implementation of wireless net-
works to establish computerization and connectivity. Level
3 is the first one in which industrial digitization becomes
visible through applications from the fields of additive
manufacturing. Level 4 creates visibility by implementing
human-machine interaction, machine-to-machine com-
munication, or vertical and horizontal system integration.
This level enables the horizontal networking of business
processes across divisions and companies and enables
data-based decision-making. In Level 5, Industry 4.0
becomes transparent due to data analytics, which allows
analyzing complex cause-effect relationships in manufac-
turing companies. Moreover, employees can be supported
in the decision-making processes by using augmented or
virtual reality. The predictive capability in level 6 is then
based on the independent machine communicating over
several control levels and forming the first autonomous
control circuits. Finally, Industry 4.0 is completed with
adaptability in a cyber-physical production system (CPPS)
in Level 7. Such a CPPS can then connect objects in the
real world with virtual objects and act autonomously. The
Industry 4.0 reference implementation sequence for manu-
facturing companies is presented in Fig. 7.

@ Springer

The implementation sequence (Fig. 7) only shows the ear-
liest possible start time, based on the prerequisites to be met
entirely for upstream implementation steps. In addition, the
implementation sequence serves as a reference architecture
and must be adapted to the requirements and circumstances
of the individual company.

6 Discussion and perspective

The Industry 4.0 reference implementation sequence can not
directly be compared with existing literature, as the publi-
cations of the Industry 4.0 implementation models do not
consider the main technology fields down to the level of
the selected technologies. However, the identified models
confirm the identified interactions between technologies
[23, 26, 74-76]. Therefore, the validation is based on five
interviews with experts from industry and science to discuss
the results and open new research perspectives. The Indus-
try 4.0 reference implementation sequence and the interde-
pendency matrix correspond to the expert's opinions. It was
also pointed out that the interdependency matrix and imple-
mentation sequence significantly and transparently support
companies' implementation of Industry 4.0 in production.
However, the reference architecture should also include
organizational and personal principles and methods for a
holistic transformation. Also, the technology's introduction
duration and the needed resources should be analyzed and
investigated to estimate the implementation effort.

In summary, three essential pillars for the further devel-
opment and continuation of research activities could be
identified based on the interdependency matrix and imple-
mentation sequence:

e Pillar [—Extension and specification of the Industry 4.0
technologies: With the constant release of innovative
technologies, the Industry 4.0 technology selection must
be continuously adapted to integrate emerging technolo-
gies into the interdependency matrix. Additionally, Key
Performance Indicators (KPI) should specify the Industry
4.0 technologies. By setting up a KPI model, the benefits
and implementation efforts for companies can be indi-
cated. Besides, each technology's implementation dura-
tion needs to be determined to analyze the effort required
for an Industry 4.0 implementation roadmap.

e Pillar 2—Company-specific simulation model The intro-
duction of Industry 4.0 in manufacturing companies must
consider company-specific conditions and requirements.
Therefore, various implementation scenarios, includ-
ing personnel, time, and monetary resources, should be
identified and evaluated. Based on the interdependency
matrix (Table 3) and the results of Pillar 1, a user-friendly
software application needs to be developed to support
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Fig.7 Industry 4.0 implementa-
tion sequence

Industry 4.0 implementation sequence
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companies in deriving a company-specific Industry 4.0
implementation roadmap.

e Pillar 3—Holistic transformation process Concerning
the human-technology-organization model [8], a suc-
cessful digital transformation requires a holistic devel-
opment of the production processes [77]. While Indus-
try 4.0 is technology-oriented, Lean Production focuses
on the organization and its people [78, 79]. Therefore a
combined implementation strategy for Lean Production
and Industry 4.0 should be developed. The interaction of

these two production paradigms promises further poten-
tial for efficiency and cost savings in production [6].

7 Conclusion

Industry 4.0 has the potential to deal with fundamental and
complex challenges, like globalization or mass personaliza-
tion. However, the systematic implementation of Industry
4.0 technologies in production is complex due to a lack of

@ Springer
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expertise and research in the interactions between the single
technologies.

This paper presents an Industry 4.0 interdependency
matrix and an Industry 4.0 reference implementation
sequence for manufacturing companies based on a scien-
tifically substantiated approach. First, the interdependency
matrix presents the one-to-one correlation of highly relevant
Industry 4.0 technologies and indicates each correlation's
impact and type. Therefore, relevant Industry 4.0 tech-
nologies have been identified and selected, and the interde-
pendencies have been investigated using a comprehensive
literature review and use case analysis. In addition, an in-
depth Delphi study method with experts from industry and
research was carried out to identify the one-to-one impact
and type between the technologies. The results were pre-
sented in an interdependency matrix and transferred into an
Industry 4.0 reference implementation sequence for manu-
facturing companies.

Five semi-structured interviews with experts from sci-
ence and industry have been conducted to validate the imple-
mentation sequence and open new research perspectives.
In addition to the possibility of adapting the sequence to
company-specific requirements and integrating supplemen-
tary information, a research perspective and enhancement
of the implementation strategy is the integration of Lean
Production. Thus, companies can be supported in the holistic
transformation process in the sense of the human-technol-
ogy-organization model.
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