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Abstract

Industry 4.0 is expected to provide a framework for coping with the increasing market dynamics and complexity in the highly competitive
manufacturing industry. As the holistic approach of Lean Production has been applied in many industries as a standard for several decades, the
interdependency of Lean Production and Industry 4.0 plays a crucial role. Thus, combining both paradigms into one integrated approach,
commonly known as Lean 4.0, is of high topicality in the academic and industrial environment. However, the effects on target dimensions of
Lean 4.0 in a manufacturing system remain unclear. In this scientific contribution, an impact analysis is conducted to measure the implications
of Lean 4.0 on relevant target dimensions. The intention is to unhide relevant impacts and support manufacturers' decision-making for reaching
aspired objectives. Lean 4.0 use cases are created based on existing literature to assess concrete Lean 4.0 scenarios concerning the identified
target dimensions. In expert interviews, following the Delphi study method, the relevant data is collected, in which the participants assess the
implications of the use cases on the target dimension. The results show that the implications can highly differentiate depending on the applied
Lean Production method and Industry 4.0 technologies. Thus, the choice of Lean methods combined with Industry 4.0 technologies needs to be

well aligned with the manufacturer's objectives, and additionally, possible trade-offs must be considered.
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1. Introduction

The industrial sector plays a crucial role in Europe as it is a
key driver of economic growth due to its contribution to 75 %
of EU's exports and 80 % of all innovations [1]. For many
years, digitalization has been among the megatrends expected
to shape the production's future [2]. To enhance the digitaliza-
tion in industry, most of the EU's countries started national in-
itiatives, often known as Industry 4.0 [3,4].

Industry 4.0 can be traced back to 2011 when the German
government launched it as part of the German high-tech strat-
egy [5]. Due to the increasing competition in the manufacturing
industry, the need for reliable and fast solutions to increase
efficiency and the demand for new business models arises.
Therefore, a stepwise integration of Industry 4.0 technologies
is required to react to market changes agilely. [6]

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

The implementation of Industry 4.0 needs to be well aligned
with Lean Production, as many manufacturers have already im-
plemented the methods and ideas of the Lean Production ap-
proach [7]. Within Lean Production, the organization and
processes are treated holistically to achieve continuous
improvements by eliminating all types of waste [8]. Therefore,
Lean Production represents an essential starting point for inte-
grating new technologies in the manufacturing systems [7,9].
Consequently, it is essential to analyze the role of these two
paradigms within an organization and investigate their impact
on target dimensions such as time, cost, or quality to create a
future-proof production system [10].

Therefore, this scientific contribution provides a systematic
approach to identify the implications of Lean 4.0 methods on
target dimensions that are significantly important for
manufacturing companies. Consequently, the paper shall
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support companies in transforming their production system and
serve as an essential basis for further research.

The following section sets up the reference frame of the
paper's scientific fields and introduces Lean 4.0 and the target
dimension for production systems. Additionally, the current
state of research is presented.

2. Fundamentals

2.1. Lean 4.0

The combination of Lean Production and Industry 4.0 is still
being researched and is called Lean 4.0 [11-13]. Rittberger &
Schneider [14] used the Human-Technology-Organization-
Model (HTO) to compare and combine Lean Production with
Industry 4.0 and to identify possible potentials [14—16].
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Figure 1: Human-Technology-Organization-Model for Lean Production and
Industry 4.0 (according to Rittberger & Schneider [14])

Figure 1 shows that the Lean Production approach focuses
on the organization and the humans, such as employees or cus-
tomers, and their interaction [ 14]. Moreover, it is a holistic and
long-term-oriented methodical approach that requires a change
of employees' attitudes and awareness to reach a continuous
value stream by avoiding waste [7,17]. Supplementary, Indus-
try 4.0 is technology-focused [7,18] and requires a high degree
of process orientation with clearly defined processes [17]. It
covers the interface of technology with both humans and the
organization [14]. Although the two paradigms take a different
focus on the HTO-Model, several researchers assume positive
synergies between them. The two main perspectives, as
suggested by Rosin et al. [19], are "Lean Production as a basis
for Industry 4.0" and "Industry 4.0 advances Lean Production".

Concerning the first perspective, many scientific papers state
that Lean Production is the basis for Industry 4.0 [17,20,21], as
Industry 4.0 technologies are assumed to build on the holistic
approach of the Lean Production System [22]. The survey of
Tortorella & Fettermann [23] confirms that Industry 4.0 is
introduced more likely if Lean Production is already
implemented. An essential requirement of Industry 4.0 is a
certain degree of process orientation with defined processes,
customers, suppliers, tasks, and times [17]. Supporting this,
Lean Production Systems generate standardized, transparent,
and waste-free processes [8]. Moreover, Lean Production
minimizes complexity and creates higher process orientation,

facilitating the implementation of Industry 4.0 technologies
[11,17,24,25]. As shown in Figure 1, Lean Production is an
employee-centric approach aiming to develop and encourage
employees to be efficient decision-makers since they
continuously consider customer value and waste avoidance
[26]. These competencies are assumed to be prerequisites for a
successful digital transformation in the sense of Industry 4.0
[7,13,27]. From an economic perspective, Huber [28] expects a
more efficient implementation of Industry 4.0 technologies
when Lean Production is already present.

The other central perspective is that technological advance-
ments of Industry 4.0 might complete or even enhance Lean
Production activities and positively affect its efficiency
[17,29,30]. Bauernhansl [31] and Kieviet [27] highlight the po-
tentials of Industry 4.0 for Lean Production Systems facing
complexity and flexibility simultaneously by applying appro-
priate technologies. Industry 4.0 technologies are applied to
gather and evaluate the process and operating data [18,32],
which advances Lean Production methods, such as Total
Productive Maintenance (TPM) or Jidoka, and increases a high
level of self-organization [7,10]. In addition, vertical and
horizontal system integration based on networking technology
can improve stakeholder integration in a Lean Production
System [17]. Furthermore, when introducing Industry 4.0
technologies, such as cyber-physical systems (CPS), companies
can develop new business models with a higher degree of
service orientation while focussing on the customer [7,10].
Also, several authors investigated the effects of
Industry 4.0 technologies on  continuous improvement
processes within a Lean Production system and expect a
positive impact of Industry 4.0 [14,33,34].

It can be stated that, according to the current state of re-
search, there is a positive correlation between Lean Production
and Industry 4.0, called Lean 4.0 [7,35]. Lean 4.0 describes the
adaptability of a manufacturing company to technological and
digital progress, taking into account the Lean Production phi-
losophy. In this context, Lean 4.0 improvements need to be
aligned with the company's targets and have a holistic effect and
consider humans, technology, the organization, and their inter-
actions [14,36].

2.2. Target Dimensions

Target dimensions are needed to focus on long-term, strate-
gic company goals rather than short-term improvements [37].
According to Gottmann [38], relevant production-related tar-
gets are the magic triangle consisting of time, cost, and quality.
Additionally, Liebrecht [39] extends them with the targets em-
ployee and flexibility, as these become more important due to
the complex production environment [15]. The five target
dimensions [39] are presented and described in the following
figure (Figure 2). Due to the importance of these target
dimensions, it is essential to investigate the implication of Lean
4.0 methods on the five targets.
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Figure 2: Target dimensions (according to Liebrecht [39])

In Lean Production, a literature analysis conducted by

Sangwa & Sangwa [40] shows that the impact of Lean Produc-
tion methods on relevant target dimensions is already
investigated. The VDI 2870 [41] has indicated the influence of
35 Lean Production methods on the target dimensions time,
costs, and quality through a four-stage Likert scale. Lean
Production value stream indicators, which focus on horizontal
flows and reveal the potential for improvement, have also been
researched in scientific papers [12]. These performance
indicators can be assigned to the different Lean Production
methods along the value stream [38]. Therefore, several
researchers introduced specific value stream indicators, like
flow level or lead time [21,38,42].
In the context of Industry 4.0, Weyrich et al. [43], Torbacki &
Kjewska [44], and Xie et al. [45] introduced several perfor-
mance indicators related to Industry 4.0 without providing a
way to measure those. In the framework of Industry 4.0, Joppen
et al. [46] analyzed typical target dimensions, which mostly
correspond to ISO 22400 [47], and investigated additional IT-
related target dimensions. However, detailed descriptions are
lacking as well. Additionally, Liebrecht [39] defined several
scenarios for applying Industry 4.0 methods, and experts
evaluated the impact on the performance dimensions.
Concerning Lean 4.0, Ante et al. [12] evaluated the impact of
Industry 4.0 company-specific projects, partly combined with
Lean Production methods, on performance dimensions. Other
researchers developed single use cases for Lean 4.0 but did not
evaluate their impact on performance measurement systems
[48,49].

It can be stated that there are scientific contributions that
evaluate the impact of Lean Production or Industry 4.0 on rele-
vant target dimensions. However, the researched scientific lit-
erature also indicates that the effects of Lean 4.0 methods and
use cases in production on relevant target dimensions have not
yet been sufficiently investigated.

3. Methodical Approach

In the following, a methodical, application-oriented ap-
proach is presented to identify the implications of Lean 4.0
methods on relevant target dimensions. Such an impact analysis
should be based on a clear production perspective and include

Lean 4.0 methods, use cases, and target dimensions of consid-
erable importance for manufacturing companies. Moreover, the
targeted analysis shall be based on a systemic and methodical
planning procedure, as presented in Figure 3.

(8) Phases |

Literature review Lean 4.0
of Lean 4.0 methods and
methods use cases

Use case analysis

Expert interviews
Impact Selection of the target dimensions Impact of

vsi Lean 4.0 on
anaysls selected target

Delphi study method dimensions

Figure 3: Procedure for the development of the impact analysis

The procedure can be divided into two main phases (Fig-
ure 3). First, the relevant Lean 4.0 methods are selected and an-
alyzed using a structured literature analysis [37]. Based on the
Lean 4.0 methods, use cases are derived, validated, and adjusted
through semi-structured expert interviews. The result of the
first phase is a selection of appropriate Lean 4.0 methods and
use cases.

The Lean 4.0 methods' impact on target dimensions needs to
be investigated in the second phase. Therefore, expert inter-
views are conducted according to the Delphi study method and
combined with a Likert scale. The Delphi study method is a
feedback technique with a panel of five to twenty experts [50].
The feedback will be given anonymously to counteract group
dynamics [51]. The following chapter describes the selection of
the Lean 4.0 methods and presents the impact analysis.

4. Implications of Lean 4.0 Methods on Relevant Target
Dimensions

4.1. Phase 1: Identification of Lean 4.0 Methods

First, a literature review was conducted to identify relevant
Lean 4.0 methods. The review was based on the database
Scopus and referred to appropriate contributions from Lean 4.0,
with search terms leading on Industry 4.0 technology fields ac-
cording to Ruessmann et al. [52] and selected Lean Production
methods [53]. Also, a publication period between 2011 and
2021 and the restriction to conference papers, reviews, and ar-
ticles from the research area engineering was chosen as limits.

The selected scientific contributions were used to derive use
cases, characterized according to five main components [54]:
Definition of the scope, actors, the level of the use cases, Lean
Production methods, and Industry 4.0 technologies. The use
cases' scope comprises production and production-related areas
such as logistics and maintenance. The Lean 4.0 methods
trigger an interaction with the production system and people
such as shopfloor, logistics, or maintenance employees.
Depending on the Lean 4.0 method, the observation level
ranges from the enterprise, factory, shopfloor, cell, and machine
[55]. The identified fourteen Lean 4.0 use cases with selected
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Lean Production methods, and Industry 4.0 technologies are
categorized below based on expert interviews and the identified
literature (Figure 4).
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Figure 4: Procedure for the development of the impact analysis

Based on the Lean 4.0 methods' categorization (Figure 4),
descriptions were created and validated for each use case. This
ensures a common understanding of the use cases among the
experts surveyed in phase 2.

4.2. Phase 2: Analysis of the Implications

First, the relevant target dimensions need to be identified.
The selection of the target dimensions is based on the scientific
contribution of Liebrecht [39], who identified cost, quality,
time, employee, and flexibility as particularly relevant for
companies (Figure 2).

Afterward, based on the use cases, nine experts from science
and research were interviewed to figure out the impact of Lean
4.0 methods on the target dimensions using a seven-point Likert
scale (Figure 5). The feedback was given anonymously to coun-
teract group dynamics. For Delphi studies, the sampling of the
experts is essential [51,74]. Therefore, the panel consists of five
experts from science and four from industry to consider both
perspectives. First, the experts assessed the impact inde-
pendently. Afterward, the questionnaires were collected, the
mean values were calculated, and the experts received the sum-
marized results to validate and, if necessary, modify them. The
final result of the impact analysis of the Lean 4.0 methods on
the target dimensions is shown in Figure 5.
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Figure 5: Impact of Lean 4.0 methods on target dimensions
5. Results and Discussion

In the following section, the impact analysis results are in-
terpreted. A total of 70 impact relationships between Lean 4.0
methods and the target dimensions were analyzed, of which
seven (10 %) had a high positive impact, 38 (54.3 %) a medium
positive impact, 22 (31.4 %) a low positive impact, two (2.9 %)
no impact and one (1.4 %) a low negative impact. Ten of the
fourteen Lean 4.0 methods had a medium positive overall aver-
age impact on the target dimensions (between 1.5 and 2.4).
Only four Lean 4.0 methods had, on average, a low positive
impact on the five target variables (between 0.5 and 1.4). In ad-
dition, the selected Lean 4.0 methods had, on average, a me-
dium positive impact on the dimensions of time (2.2), costs
(1.8), quality (1.7), and flexibility (1.7). For the dimension em-
ployee involvement, the average value is 0.8, which means a
low positive impact. This may result from the selection of the
Lean 4.0 methods (Figure 4), as employee-oriented Lean Pro-
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duction methods, such as multi-machine operation or multidis-
ciplinary trained employees [75] in combination with Industry
4.0 technologies, were not considered.

Overall, it can be stated that 95.7 % of the impact relation-
ships have at least a low positive impact. Only the impact of the
Lean 4.0 method "JiT with AGVs" has a negative impact (-0.7)
on the target dimension employee involvement. An autono-
mous guided vehicle may replace a logistics employee. How-
ever, the employee could pursue other activities and, for exam-
ple, work as a point-of-use provider to support the workers on
the shop floor level. Thus the process stability in the sense of
the Lean Production method Just-in-Time delivery would in-
crease. The implications of the Lean 4.0 methods "VSM with
CPS" (2.6), "VSM with simulation" (2.6), and "SMED with
plug and produce" (2.8) on the target time were rated particu-
larly positively. With regard to VSM, this can be attributed to
the fact that the key process parameters, such as lead times or
inventories, can be transmitted and monitored in real-time and
in accordance with the actual state. If there are deviations from
the target state, it is possible to react immediately if necessary
and to initiate improvements, which leads, for example, to a re-
duction in lead times and idle production time.The Lean 4.0
methods "Jidoka with intelligent objects" (2.9) and "Jidoka with
sensors and actuators" (2.8) have the highest positive impact on
the quality target. The Industry 4.0 technologies support the
Lean Production method Jidoka in preventing errors through in-
telligent objects, sensors, or actuators. On the other hand, the
Lean 4.0 methods "SMED with plug and produce" (2.7) and
"SMED with additive manufacturing” (2.8) have a very positive
impact on the target parameter flexibility. Both SMED and the
two Industry 4.0 technologies are characterized by the fact that
they reduce setup times, or in the case of Industry 4.0 technol-
ogies, almost eliminate them, which is the reason for the very
positive impact on flexibility.

In summary, it can be stated that the fourteen Lean 4.0 meth-
ods predominantly have a positive impact on the selected target
dimensions. This is particularly the case on time, costs, quality,
and flexibility dimensions. Moreover, none of the 14 Lean 4.0
methods has a very high positive impact (> 2.5) on all five tar-
get dimensions. In order to achieve the manufacturing compa-
nies' targets, it is essential to systematically introduce the Lean
4.0 methods and follow an implementation strategy since the
single methods have an impact on different target dimensions.

6. Conclusion and Outlook

This research contribution presents a comprehensive and
structured impact analysis to identify Lean 4.0 methods and an-
alyze their impact on the target dimensions: cost, quality, time,
employee involvement, and flexibility. The Lean 4.0 methods
were identified by a comprehensive literature analysis and af-
terward characterized to derive Lean 4.0 use cases for each
method. Based on the validated use cases, the impact analysis
of Lean 4.0 on relevant target dimensions was conducted by
using a Delphi study method. It can be stated that the majority
of the Lean 4.0 methods have a positive influence on the target
dimensions, but non has a high positive impact on all five di-
mensions. Therefore, it is essential to systematically introduce
the Lean 4.0 methods by following an implementation strategy.

Building on these findings and the presented procedure, the im-
pact of Lean 4.0 on additional target dimensions, like, e.g., sus-
tainability, needs to be explored. Future studies with additional
panelists could also investigate the influence on more detailed
Key Performance Indicators like overall equipment
effectiveness or first-pass yield, or could include Lean 4.0
methods, like Hoshin Kanri 4.0 or Kaizen 4.0.
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