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Abstract

As a result of increasing globalization, manufacturing companies are confronted with rising cost and time pressure. They are countering these
influences with the management approach of lean production. Since 2011, Industry 4.0 has been established as another promising approach in
the production environment. The combination of both domains is referred to and discussed in science as Lean 4.0. In this paper, the one-to-one
connection between the principles and methods of lean production and the technologies of Industry 4.0 is elaborated using the Delphi study
method and Domain Mapping Matrices (DMM). This contribution shall serve as an essential basis for companies to implement Lean 4.0 in their

production.
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1. Introduction

With its principles and methods, the lean production
approach is one of the leading production maxims in Germany's
manufacturing companies [ 1]. Through its elements' systematic
interaction, lean production pursues increasing process
efficiency by consistently and thoroughly eliminating all types
of non-value-adding activities [2].

Nowadays, the manufacturing environment is changing, and
companies have to face a multitude of complex influencing
factors, such as increasing globalization, growing demand for
individualized products, or shortened technology and product
lifecycles [3, 4]. As a result, complexity and dynamics in the
production environment are continually rising. Further
development of fundamental paradigms in industrial
production is required to cope with these complex and novel
challenges [5]. Regarding a fourth industrial revolution,
Industry 4.0 was introduced at the Hannover Messe 2011 in
Germany [6]. It focuses on real-time and intelligent networking
of objects, humans, machines, and equipment across
organizational boundaries [7]. The goal is to create a flexible,
efficient, and customer-oriented production system with high
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economic potential [8]. The combination of lean production
and Industry 4.0 seems profitable for organizations [9] as
interdependencies can achieve synergy effects [10]. Many
researchers have already investigated the interrelation between
both domains, which led to the concept of Lean 4.0 [1, 11, 12].
In order to support manufacturing companies in systematically
and holistically implementing Lean 4.0, further research is
required to identify one-to-one interactions between essential
elements of both paradigms.

Therefore, this scientific contribution provides a systematic
approach to identify the interdependencies between relevant
elements of both domains. It shall help companies to address
the challenges that arise with transforming their production
processes and serve as an essential basis for further research.

2. Background

The following chapter sets the reference frame of the
scientific fields and presents an introduction of lean production
(2.1) and Industry 4.0 (2.2). Moreover, section 2.3 describes
the interrelation between lean production and Industry 4.0.
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2.1. Lean Production

After World War II, the Toyota Motor Company developed
the Toyota Production System (TPS) [2]. Since then, it has been
continuously evolved into a holistic production system, which
today is known as lean production [13, 14]. With its interlinked
methods and principles, lean production provides a
management approach for operational excellence by focusing
on customer value, standardizing and visualizing processes,
and establishing a continuous improvement culture [15].

Over the last decades, the lean production paradigm has
been systematically investigated in terms of its targets, culture,
principles, and methods [13, 14, 16, 17]. The holistic approach
of lean production is conceptualized in the VDI guideline 2870,
which presents a general, cross-company description of lean
production [18]. AULL [16] also provides a selection and
structuring of eighteen lean production elements significant for
manufacturing companies' competitiveness. He divides them
into three areas: 'employee-oriented methods', 'quality-oriented
methods', and 'logistics-oriented methods' (see figure 1).

Total productive
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Figure 1: Lean production (LP) elements according to AULL [16]

2.2. Industry 4.0

The Industry 4.0 approach was introduced to meet the
manufacturing industry's current and future challenges and to
enhance the German manufacturing industry's competitiveness.
[19,20].

Therefore, the domain focuses on optimizing industrial
value creation and is characterized by digitalization and
networking of all value chain participants [21]. It affects
companies' processes, products, and business models in the
manufacturing industry [21, 22] and aims at the effective and
efficient design of material and information flows along the
value chain [23]. Various innovative technologies, such as
augmented reality or automated guided vehicles, are available
for this purpose. Based on a use case analysis, DOMBROWSKI
ET AL. [11] have subdivided the Industry 4.0 elements into
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process-related 'characteristics', 'systems', and 'technologies'
(see figure 2).
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Figure 2: Industry 4.0 elements [11]

Besides this proposal, there are other approaches to structure
Industry 4.0 elements [24, 25]. Due to the Industry 4.0 domain's
novelty, there is still a need for further research investigations
to structure the elements [11]. The approaches and scientific
findings have in common that, like the three preceding
industrial revolutions, Industry 4.0 is primarily a technology-
driven one [9].

2.3. Interrelation between Lean Production and Industry 4.0

There are three main perspectives concerning the
interdependencies of lean production and Industry 4.0 [1]. The
first considers lean production as a necessary foundation for the
successful realization of the fourth industrial stage [26]. This
point of view is based on the idea that digitizing inefficient
processes only leads to inefficient digitized processes [9, 14,
26]. The second one perceives Industry 4.0 as a new conceptual
paradigm capable of addressing the challenges that lean
production cannot overcome [27]. It underlines the influence of
Industry 4.0 on the lean elements in terms of positive
contribution to its effectiveness and goals [28, 29]. The last
point of view is that Industry 4.0 and lean production generate
additional synergy effects [10]. Both domains can achieve an
increased benefit through the targeted combination of lean
production and Industry 4.0 elements [30]. The integrated
application of lean production and Industry 4.0 as a conjunction
of these two approaches is called Lean 4.0 [31].

These three viewpoints do not contradict each other but
underline that there is still no consensus in the scientific
community according to the relationship between Industry 4.0
and lean. Previous studies have often been limited to a few
selected elements and have primarily focused on examining the
conceptual level, like the philosophy or the overall targets. For
example, FISCHER & KOBLER [32], SANDERS ET AL. [26], or
DOMBROWSKI ET AL. [11] mainly refer to lean principles, such
as jidoka or flow principle. Other investigations include several
lean production methods but only consider a few Industry 4.0
elements [33-35].

As analyzed by EJSMONT ET AL. [36], there is a lack of a
comprehensive interdependency matrix that combines a
targeted selection of lean and Industry 4.0 elements one-to-one.
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Due to the high relevance for manufacturing companies and the
experts' knowledge from practice, both the scientific and the
industrial  perspectives should be included in the
interdependency analysis.

3. Methodical Approach

In the following, a methodical, application-oriented
approach intended to identify the correlation of both domains
is presented. Such a correlation matrix should be based on a
clear production perspective and include lean methods and
Industrie 4.0 technologies of considerable importance for
manufacturing  companies. Moreover, the targeted
interdependency matrix development shall be based on a
proven, systemic, and methodical planning procedure, as
presented by AULL [16].

(0) Phases |

@ Literature review Selection of
. relevant
Selection of elements
lean production Analysis of various use cases
& Industry 4.0
elements
Online survey (\
Expert interviews
. ) Domain Mapping
@ Literature review Matrix (DMM)
Interdependency
analysis Delphi study method

Figure 3: Procedure for the development of the interdependence matrix

The procedure can be divided into two main phases (see
figure 3). In the first phase, the relevant elements need to be
selected in order to analyze their interdependency in the second
phase. For the selection of the elements, a structured literature
analysis [37] is to be conducted. In addition, the selection needs
to be validated and adjusted through online surveys or semi-
structured expert interviews with participants from science and
industry. This multistage procedure is intended to ensure that
the research and industry perspectives are taken into account.
The result of the first phase is a selection of relevant elements
from Industry 4.0 and lean production.

In the second phase, the interaction of the selected elements
and their one-to-one impact needs to be investigated.
Therefore, Domain Mapping Matrices (DMM) [38] combined
with a Likert scale are going to be used, which are elaborated
by a literature review as well as the Delphi study method [39].

In general, the Delphi study method is an iterative feedback
technique with a panel of five to twenty experts [40]. The
feedback will be given anonymously to counteract group
dynamics. In this way, single panelists do not have a
disproportionately strong influence on the results [41]. For
Delphi studies, the sampling of the experts is essential. The
panel should be composed heterogeneously to avoid biases.
[41, 42] The feedback process is repeated iteratively until the
final matrix is obtained [40]. The following chapter describes
the selection of the relevant elements and presents the DMM.

4. Interdependency Matrix for selected Lean Production
and Industry 4.0 Elements

4.1. Selection of the Lean Production and Industry 4.0
Elements

A systematic literature review was carried out to preselect
Industry 4.0 elements based on the literature database 'Scopus'.
In total, 4087 relevant conference proceedings and journal
contributions could be identified and investigated with a co-
occurrence analysis using text mining algorithms [43]. The pre-
selection of Industry 4.0 elements was supplemented by an
analysis of 198 Industry 4.0 use cases from Germany [44] and
150 use cases from Japan [45].

As lean production has already been systematically
investigated, its elements’ pre-selection is primarily based on
the VDI 2870 [18] and AULL [16], who has analyzed various
lean production systems to identify the most appropriate
methods and principles. Furthermore, a survey with experts
from the industry concluded that, in addition to Aull’s
selection, shop floor management and value stream
management are also highly relevant for manufacturing
companies [17].

To verify and modify the pre-selection, semi-structured
interviews with experts and an online survey with thirty experts
from different industries were conducted. In total, 20 lean and
26 Industry 4.0 elements could be identified (see table 3).

4.2. Interdependency analysis for Lean and Industry 4.0
Elements

The DMM represents the interdependency from Industry 4.0
to lean and vice versa, focusing on the production perspective.
A literature review was conducted to populate the DMM [37],
using the database 'Scopus'. Forward and back literature
searches were done to ensure a complete and exhaustive
review, and new research contributions were identified using
the snowballing effect [46]. In total, eighteen relevant research
contributions could be selected and transformed into the DMM.
In the following step, the Delphi study with fourteen experts
was conducted over several rounds. The panel sampling was
heterogeneously composed to avoid biases (see table 1) [41].

Table 1: Anonymized overview of the panelists

Experts Job Company Company type
Expert 1 Head of Lean A Car manufacturer
Expert 2 Project leader B Consultant
Expert 3 Project leader B Consultant
Expert 4 Project leader C Research institute
Expert 5 Research group leader D Research institute
Expert 6 Project leader D Research institute
Expert 7 Project leader D Research institute
Expert 8 Project leader E Machine supplier
Expert 9 Engineer F Automotive supplier
Expert 10 Project leader G Consultant
Expert 11 Project leader H Research Institute
Expert 12 Head of Maintenance 1 Logistics

Expert 13 Head of Production J Machine supplier
Expert 14 Engineer K Car manufacturer
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For assessing the one-to-one impact between the elements, In round one, the expert's opinion and the literature review
a seven-level Likert scale [47] was chosen (see table 2). results were used to identify a possible one-to-one interaction
between the elements. The experts also could expand or reduce
Table 2: Likert scale for assessing the impact between the elements the selection of elements.
In the following two rounds, the panelists assessed each
Impact Description element's impact using the Likert scale (see Table 2). After the
-3 Strong negative correlation impact final round, the experts' individual domain mapping matrices
-2 Medium negative correlation impact were merged. Therefore, the mean value and the standard
-1 Low negative correlation impact deviation were calculated for each element. Afterward, the
0 No correlation impact DMM was sent to the experts for final verification. The
1 Low positive correlation impact following DMM presents the Delphi study result, including the
2 Medium positive correlation impact one-to-one impact between the elements (see Table 3).
3 Strong positive correlation impact

Table 3: Domain Mapping Matrix based on a Delphi study

Lean production elements
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Autonomous robots/machines [48] 1 1 1 1 2 (112|112 ]2 1
Autonomous guided vehicles (AGV) [19] 1 1] 2 112 1 1 21212 112 |1([1]1
Computer aided x (CAXx) [49] 1/11112 111 1 1 1 1 1 1 111 1 1] 2
Predictive maintenance [50] 1 111 [1]1 1] 1 1 1 1 21 ]2
Digital twin [51] 101011112 1]1 111 102011 (111212
Vertical integration [24] AR EREBEEEEE BRIV : BB
Machine-to-machine communication [48] 1 171111111 112 |1 2 1 1 11 2 1
" Plug and produce [50] 21112 12 2 2 1 2 2 1 1 2
€ Horizontal integration [24] AEEEER " : "I 'H BB
£ Auto ID (e.g. RFID) [4] 1 171 /1[12 ]2 1 1111111 [1[1]2
E Sensor/actuator [48] 1 17111122 1 1 2 1 1 11212 1 1 1] 2
; Intelligent objects [48] 2 1|1 112 2 1 2 11111212 11| 2
b7 Cyber-physical (production) systems [19] 2 |12 2 2|1 1 2 11121122 1[1]1
=
3 Real-time data [4] 1 HERY] : ERIERERE 11 22 1 [ 1] 1 28
Security [52]
Privacy [52]
Cloud computing [24] 171111111 2 1 1 1 1 1 111 112 | 2
Wireless networks/5G [48] 11111 1 2 1 1 1 2
Additive manufacturing [4] 1 2 1 1 11212 1 1
Augmented reality [19] 1/1 7111111 2 | 2 112012121202 1|1|1]1
Virtual reality [48] 111 (1111 222 19021202 1|11 [1]1]1
Mobile electronics [24] 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1
Human-machine interaction [48] 1711111011 2 1 1 112 | 2 2 |1 1
Collaborative robots [53] 111 1 2 2 2 22|12 2|2 1
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5. Results and Discussion

In the following, the combined results of the interde-
pendency analysis are presented. A total of 520 correlation pos-
sibilities were examined with a literature review and a Delphi
study method. According to the presented Likert scale (see
table 2), 251 elements have a low positive correlation, whereas
128 elements have a medium positive correlation and 18 ele-
ments have a strong positive correlation. Moreover, the panel-
ists identified no negative correlation between the lean and
Industry 4.0 elements. Therefore, it can be concluded that there
is a positive correlation between both domains, which is also
demonstrated due to the result that 76.3 % of the possible pair-
ings show a positive interaction. However, there are significant
differences between the impact of the one-to-one interrelations.
Some elements do not have any direct correlation, such as the
Industry 4.0 elements security (I-17) or privacy (I-18). In con-
trast, the logistics-oriented lean methods and principles (L-1 to
L-7) have a distinctive positive correlation with the Industry
4.0 elements I-10 to I-16, as well as big data and data analytics.
Artificial intelligence algorithms (I-2), for example, can signif-
icantly improve the efficiency and effectiveness of production
levelling (L-5) and support production planning with the
creation of the production sequence. Analogous to the logistics-
oriented methods, the quality-oriented methods are closely
linked to the Industry 4.0 elements I-1 and I-2. Besides, there
are other significant combinations, such as shop floor manage-
ment (L-19) combined with vertical integration (I-8) or value
stream management (L-20) joined with horizontal integration
(I-11). The latter pairing pursues making the processes trans-
parent across the entire value chain and thus designing
processes efficiently by eliminating all types of waste [55].

Furthermore, it is noticeable that the employee-oriented lean
methods (L-8 to L-10) show a very high interaction with the
Industry 4.0 elements augmented reality (I-22), virtual reality
(I-23), mobile electronics (I-24), human-machine interaction
(I-25), and collaborative robots (I-26). These Industry 4.0 ele-
ments are primarily cognitive or physical assistance systems,
which aim to support employees in executing their activities
[4]. Through augmented reality (I-22) in production, additional
worker-specific information concerning their activities can be
displayed to strengthen the employees' multidisciplinarity.

Due to the structured literature review and the Delphi study,
various positive one-to-one interdependencies could be
identified. It can therefore be assumed that lean production and
Industry 4.0 not only complement each other on a conceptual
basis, but also have positive interactions at the technology and
method level for elements.

6. Conclusion and Outlook

This research contribution presents a comprehensive and
structured Delphi study with a heterogeneously composed
panel of experts. The study was conducted anonymously over
several iterative feedback rounds, based on a thorough
selection of lean production and Industry 4.0 elements highly
relevant for the manufacturing industry. The study and
additional literature reviews were able to identify profound

one-to-one impacts between a variety of elements of both
domains at the technology and methodology level by using a
Domain Mapping Matrix.

Building on these findings, the relationship between the
elements needs to be explored in more detail. Future studies
should investigate the interaction from both directions
separately. It should also be investigated whether there is a
supporting or a requiring connection between the elements of
both domains. A Lean 4.0 implementation strategy for
manufacturing companies could then be derived.
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