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Abstract

Industry 4.0 technologies have attempted to transform current industrial settings to a level that we have never seen before. While
at the same time, prevailing applications of Lean tools and techniques over the last 20 years have already dramatically reduced
wastes ranging from shop floor production to cross-functional enterprise processes. This paper aims to provide a comprehensive
review and report on links between Lean tools and Industry 4.0 technologies, and on how simultaneous implementation of these
two paradigms affects the operational performance of factories. The existing and potential enhancements of Lean practices
enabled by Industry 4.0 technologies such as wireless networks, big data, cloud computing, and virtual reality (VR) will also
be explored. A cloud-based Kanban decision support system is also presented as a real-world demonstrator for integration of an
Industry 4.0 technology (cloud computing) and a major Lean tool (Kanban).

Keywords Industry 4.0 - Lean tools - Smart factory - Cloud Kanban

1 Introduction

Implementation of Lean manufacturing concept has given rise
to significant positive impacts on various industries during the
past couple of decades. The concept of Lean production was
first introduced by Womack et al. [1] inspired by the Toyota
Production Systems (TPS). TPS provided tools and method-
ologies to eliminate waste in an effective, but mostly problem-
specific way. Hence, Womack and Jones [2] systematized the
Lean Thinking and put together five critical elements of Lean
implementation, i.e., value, value stream, continuous flow,
pull, and the continuous improvement. Although Lean tools
and techniques have already proven their efficacy in various
sectors, it seems as if Lean production, on its own, is not
capable of coping with the current market dynamics anymore
[3]. Strong market demand fluctuations do not go in line with
the capacity leveling concept. In addition, the lack of change-
ability in production lines and the fact that laborious adjust-
ments are required for changes in production processes, buffer
stocks and cycle times, are all indicating that Lean tools and
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techniques are of limited suitability when it comes to shorter
product life cycles and highly customized products [3, 4].

To keep up with the aforementioned high demand for cus-
tomized products, tighter competition and increased emphasis
on immediate and responsive service, companies are being
directed towards digital transformation and service-oriented
paradigms. This transformation has been accelerated recently
thanks to the increasingly affordable hardware and software
solutions realized by cheaper and more effective sensors and
actuators, more powerful networking equipment and plat-
forms such as wireless technology and cloud computing and
also Big data analytics and artificial intelligence related devel-
opments. These components form the recently introduced
“Industry 4.0” concept targeting the digitization and automa-
tization of production. However, the thirst for adoption of 14.0
technologies can pose ever greater challenges in terms of cost-
benefit justification, implementation considerations and
frameworks, and its influence on already established produc-
tion practices such as Lean manufacturing [5, 6].

This paper aims for covering this new area through first
exploring the research work done to date regarding the link
between Lean implementation and 14.0 technologies. Then we
will go further with introducing a cloud Kanban framework
with its underlying architecture and interfaces as a real-case
demonstrator of integration of a Lean tool and an Industry 4.0
technology. The remainder of this paper is organized as
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follows. “Industry 4.0” section offers a clear definition of
Industry 4.0 and a classification regarding its technologies,
processes and characteristics. In the “Correlation between
Industry 4.0 and Lean manufacturing,” section, correlation
between Industry 4.0 technologies and Lean tools are
discussed. In the “Use case: a cloud Kanban,” section, we
provide our newly developed cloud-based Kanban framework
as a real-world demonstrator regarding integration of an
Industry 4.0 technology (cloud computing) and a major
Lean tool (Kanban). The “Summary and conclusion” section
provides conclusions of this paper.

2 Industry 4.0

The idea of interconnectedness of ““all things” has made such a
progress in recent years that made the vision of a fourth in-
dustrial revolution seem within reach like never before [5, 7].
The concept of “Industry 4.0,” since its announcement at the
Hannover Messe in 2011, has been discussed intensively in
both industry and academia. There is, however, still a consid-
erable amount of ambiguity regarding this term, and some
overlapping, but distinct concepts and terminologies such as
“IoT,” “cyber-physical systems (CPS)” [8, 9], etc. have been
misused for it. As a result, it is of paramount importance to
demystify these terms and delineate clearly between them to
bring a mutual understanding of Industry 4.0 among re-
searchers and practitioners. In general, Industry 4.0 represents
the current trend of automation technologies in the
manufacturing industry, and it mainly includes enabling sys-
tems such as the cyber-physical systems (CPS), Internet of
Things (IoT), and semantic machine-to-machine [10-12].
According to Germany Trade & Invest (GTAI) [13],
Industry 4.0 represents the technological evolution from em-
bedded systems to cyber-physical systems [14]. In Industry
4.0, various technologies such as RFID [15], cloud computing
[16, 17], augmented reality/virtual reality (AR/VR), sensors/
actuators [18, 19], and big data [20-22] are contributing to
realize these underlying systems in order to integrate virtual
space with the physical world. On the other hand, [oT can be
defined as “a dynamic global network infrastructure with self-
configuring capabilities based on standard and interoperable
communication protocols where physical and virtual ‘Things’
have identities, physical attributes, and virtual personalities
and use intelligent interfaces, and are seamlessly integrated
into the information network” [23]. Xu et al. [14] clearly dis-
cuss the technologies and devices that are used to support [oT
(please refer to Figs. 2 and 4 in [14] for a clear representation
of IoT building technologies and devices, and the correlation
between IoT and CPS, respectively).

Although researchers have different opinions regarding
which elements compose Industry 4.0 and how these compo-
nents relate to each other, a rather clear structure of Industry
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4.0 along with its associated technologies, systems, and char-
acteristics has been proposed by Dombrowski et al. [24] based
on 260 use cases of applied Industry 4.0 technologies in the
German industry. A modified variation of this structure is
shown in Fig. 1. As one can see from this figure, big data,
RFID and identification technologies (including QR codes
and NFC (near field communication) tags), cloud computing,
augmented reality and virtual reality, sensors and actuators
(including WSN (wireless sensor networks [25]), real-time
data, automated guided vehicles, and mobile electronics (such
as mobile phones, tablets)) are categorized as the technologies
of Industry 4.0. In addition, smart data, internet of things,
cyber-physical systems, semantic machine-to-machine com-
munication, and digital twin can be realized only by using
these technologies and can be assigned to the category of
Industry 4.0 systems. If these technologies and systems of
Industry 4.0 have been implemented, they can have a direct
effect on the process itself and as a result, the process-related
level of Industry 4.0 elements such as horizontal and vertical
integration and real-time data/analytics could be achieved.
Considering the rapid pace of technological developments in
this field, this kind of categorizations are obviously subject to
change and must be updated and extended accordingly as new
technologies emerge and existing ones mature.

3 Correlation between Industry 4.0 and Lean
manufacturing

3.1 Effects

Lean manufacturing has been around for quite some time and
it has proven its effectiveness over these years [26, 27]. It can
be defined as “an integrated socio-technical system whose
main objective is to eliminate waste by concurrently reducing
or minimizing supplier, customer, and internal variability”
[28]. In fact, it seeks waste reduction through a bundle of
organizational practices, instead of emphasizing on new tech-
nology implementations or resource planning. On the other
hand, research works such as the one done by Moeuf et al.
[29] has already reported performance benefits of
implementing Industry 4.0 technologies, ranging from in-
creased flexibility to improved productivity, reduced cost, re-
duced delivery time, and improved quality. However, with all
these in mind, the important question that arises here is how a
simultaneous implementation of both Lean concepts and
Industry 4.0 technologies affect the operational performance
of various enterprises. This section addresses this pivotal issue
through reviewing and summarizing the research work done
to date revolving this question. Table 3 provides a summary of
these papers.

Wagner et al. [36] developed an impact matrix in order to
achieve a decision supporting framework to identify potential
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Fig. 1 Industry 4.0 technologies, systems, and process-related characteristics (inspired from [24])

Industry 4.0 solutions in the environment of a Lean production
system. The matrix reflects the results of a questionnaire from
a set of 24 Industry 4.0 project leaders from automotive in-
dustry. In addition, they have developed a cyber-physical Just-
in-Time delivery solution and then assessed it based on the
presented impact matrix.

Satoglu et al. [31] argued that implementing Industry 4.0
technologies solely cannot address the issues rooted in mis-
management or disorganization. In fact, these technologies
should be applied to Lean activities that are performed suc-
cessfully before automatization. They also emphasize on the
importance of an effective information flow both before and
after implementing these technologies.

Tortorella et al. [30] investigated the moderating effect of
Industry 4.0 on the relationship between Lean concepts (spe-
cifically Pull practices, continuous flow practices and, low
setup time) and operational performance. They carried out a
couple of hypothesis tests on the data obtained from 147
Brazilian manufacturing companies that have implemented
both Industry 4.0 technologies and Lean tools. According to
their results, technologies related to products or services ap-
pear to positively moderate the relationship between continu-
ous flow and operational performance improvement, while
process-related technologies seem to moderate the effect of
low setup time negatively (which is not in line with the com-
mon belief, suggesting that Industry 4.0 technologies that are
primarily focused on manufacturing processes positively rein-
force the relationship between Lean management practices
and operational performance indicators [37]). These findings

suggest that the effects associated with Lean implementation
might change when Industry 4.0 practices are implemented
simultaneously. This research provides a useful guidance for
managers and practitioners regarding the right balance be-
tween the adoption of Industry 4.0 technologies and Lean
tools and techniques.

Khanchanapong et al. [32] conducted an empirical study
using data collected from 186 manufacturing plants in
Thailand, investigating the unique and complementary effects
of advanced manufacturing technologies (including robots,
real-time process-control systems, and computer-aided
manufacturing) and Lean practices on operational perfor-
mance. The results obtained from the hypothesis tests con-
ducted proved that a significant positive interaction effect ex-
ists between them on cost, product quality, lead-time, and
flexibility. Based on these findings, the authors suggest that
firms should invest in both of these paradigms simultaneously,
rather than choosing one over the other.

Riezebos et al. [33] reviewed the effect of IT in achieving
the principles of Lean production through a topical and his-
torical approach. They have concluded that the origins of dif-
ferent approaches were similar, but that subsequent develop-
ments followed in opposite directions. They also reported that,
later on, when the acceptance of Lean manufacturing became
more pervasive, the practices typically converged into hybrid
production systems, applying elements of several systems in a
way that was consistent with the principles of Lean
manufacturing. However, it has to be noticed that this research
has only considered the centralized IT systems, leaving out the
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more recent distributed structures resulting from cloud tech-
nologies [38]. These cloud-based structures are more in line
with the Lean philosophy in which team working is empha-
sized and responsibility and authority are delegated to the
workforce. As a result, most of the contradictions between
IT systems and Lean principles mentioned in this article will
be no longer relevant.

Azadeghan et al. [35] found out that “environmental
complexity” positively moderates the effects of Lean
practices on operational performance through conducting
regression analysis on the data obtained from 126 publicly
traded manufacturers in the USA. Although this may not
sound directly relevant to our topic, considering the defi-
nition of “environmental complexity” as “a quantified in-
dicator representing the multiplicity of inputs and outputs
in the production process,” we could argue that a separate
study regarding the effect of implementation of Industry
4.0 techniques on the “environmental complexity” could
help us deduce if a specific Industry 4.0 technology could
help by moderating the effect of Lean techniques on the
production performance.

Dombrowski et al. [24] quantitatively evaluated the inter-
dependencies between Industry 4.0 technologies/process-
related characteristics and Lean practices through assigning
each use case (260 German use cases have been studies) to a
Lean principle. According to the results, two highest interde-
pendences within the category of Industry 4.0 technologies
and Lean principles have been identified between avoidance
of waste and cloud computing and big data, respectively. In
addition, their analysis reveals that the horizontal integration
does not seem to have a high impact on the single principle of
Lean concepts on the contrary to the common belief in the
existing literature. The complete set of these interdepen-
dencies can guide manufacturers towards a better understand-
ing of the implementation outcomes of each specific technol-
ogy and also can be helpful with their decision-making
processes.

Sanders et al. [34] enumerated the existing challenges re-
garding implementation of ten Lean manufacturing practices
and summarized their proposed solutions through Industry 4.0
technologies. We have taken a relatively similar approach in
enumerating the specific Lean practices and Industry 4.0 tech-
nologies that can be implemented to address the existing pro-
duction challenges on the shop floor and managerial levels.
Results are summarized in Table 1 below.

Obviously, there is not that much consistency among the
aforementioned observations. This can be attributed mainly to
the different underlying conditions and settings that these
studies have been conducted on. These include socio-
cultural factors, differences in the studied Lean practices
and/or implemented Industry 4.0 technologies and also the
performance metrics used during each research. In other
words, any extrapolation of these research results to similar
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cases in terms of the effects of joint implementation of
Industry 4.0 technologies and Lean practices has to carefully
bear these caveats in mind.

3.2 Existing and/or potential integration of Industry
4.0 and Lean tools

This section reviews the existing systems in which a specific
Industry 4.0 technology and a Lean tool have been hybridized
as well as the current commercial systems or ongoing real-
world projects in this discipline. These integrated systems
mostly take advantage of various Industry 4.0 technologies
to effectively digitize the Lean tools and techniques. The as-
sociated studies discuss the considerations that have to be
taken into account while conducting this integration, as well
as the operational benefits gained over the traditional systems.

Ma et al. [39] proposed an integrated framework for CPS-
enabled (cyber-physical systems-enabled) smart Jidoka sys-
tem. They introduced a distributed architecture that integrates
service-oriented architecture, agent, function block (FB),
cloud, and Internet of things to provide flexible configuration,
deployment, and performance. The proposed smart Lean au-
tomation engine were implemented and tested on the engine
assembly line of an automobile enterprise to handle the as-
sembly of connecting rod bearing shell and main bearing shell
and it proved to be effective especially in terms of cost
reduction.

Mayr et al. [40] implemented a condition monitoring sys-
tem for a stamping process. In this system, acquired sensor
data is stored on cloud. The app Fleet Manager runs on the
Siemens industrial cloud and allows the analysis of sensor
data through data analytics methods. A graphical user inter-
face (GUI) visualizes sensor data on mobile devices. Through
this data analytics approach and human—machine interface
platform, transparency for the operator will be significantly
enhanced and warning notifications will be sent in case critical
thresholds are exceeded for stamping force and tool wear.
Cloud-based data storage allows for more effective data shar-
ing within departments and dynamic scheduling of mainte-
nance benefits. They also point out a potential digital twin-
enabled dynamic VSM (value stream mapping) method using
Siemens Plant Simulation software.

Dave et al. [41] proposed a framework for integration of
recently developed IoT standards (specifically O-MI/O-DF
(Open Messaging Interface/Open Data Format)) into the struc-
ture of emerging Lean construction management systems such
as VisiLean in order to achieve enhanced real-time reporting
of task status from the field, while improving interoperability
between all major information systems and organizations
throughout the construction project. They reported that this
new approach can result in a more effective information flow,
thus closing the loop between the head office to the site office
to the field.
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Table 1 Production challenges
and specific helpful Industry 4.0
and Lean tools

Production challenge/problem

Lean tool/technique that can 4.0 technology that can help

help

Lot tracking

Inventory control
Machine failure
Material handling

Resource sharing/collaborative
design
Overproduction

Quality control
Leveled utilization
Long-term planning
Low utilization ratio of
equipment
Deficient product
Seeking perfection
Worker training
Automatic purchase

Kanban Web/cloud Kanban, RFID tags,

intelligent bins
RFID tags, NFC, QR codes, VR/AR
Poka yoke, Andon Sensor/actuator, real-time data, cloud

AGY, robot gripper

- Cloud, VR/AR

Kanban

Poka yoke, Jidoka Big data, sensor/actuator
Heijunka -

Hoshin Kanri Big data

SMED, 5S Robot gripper

Jidoka Sensor/actuator

VSM, CI Big data, real-time data
Kaizen VR/AR

Chen and Chen [42] introduced a new real-time VSM en-
abled by RFID and wireless monitoring technologies. The
system has been implemented in a disc assembly production
and successfully generated a real-time VSM to management
through automatic tracking of material flow. They reported
that the new system saves time, reduces errors, and makes
the VSM more visible to supervisors at any time which helps
with making more accurate, real-time shop floor decisions.
Another research work done by Meudt et al. [43] proposed a
new framework called “VSM 4.0” in which classic VSM and
an innovative data collection and handling system are
integrated.

Wang [44] introduced an intelligent predictive maintenance
system called IPdM using a set of Industry 4.0 technologies.
In this system, data mining technique is applied on the data
generated by CPS to capture any pattern that can indicate a
possible fault. He reported that this system allows for early
prediction of error and thus, corrective measures can be
planned and introduced in the most effective way. Also, un-
planned downtimes can be avoided and both staff and re-
sources can be employed more effectively. According to the
paper, the proposed system has already been successfully im-
plemented within European, Norwegian, and Chinese indus-
tries and universities.

Wiirth Industrie Services GmbH & Co. KG [45, 46] intro-
duced the optical order system iBin. A camera in the module
detects the charging level of the bin and then status will be
wirelessly reported to an inventory control system. Besides,
iBin is also able to send orders automatically to suppliers. As a
result, buffer stock can be reduced and spare parts can be
scheduled in an order-oriented way.

Servan et al. [47] reported the results of the project
“MOON” developed by AIRBUS Military. “MOON” uses
3D information from the industrial digital mock-up to gener-
ate assembly instructions and their deployment as an alterna-
tive to the conventional paper-based documentation by apply-
ing augmented reality technology. According to the paper, the
downstream reuse of 3D information, generated at other
stages of the product life cycle, provides a significant time
saving benefit, both in creating and in maintaining assembly
documentation. Additionally, AR (augmented reality) facili-
tates the use of industrial digital mock-up to show process
information in visual format, making its interoperation easier
for personnel. This leads to improved working conditions and
minimizes the possibility of errors during the execution of
processes, resulting in a Leaner production.

Stéaubli Corp., Duncan, SC, https://www.staubli.com/en-us/
has demonstrated a new, fully automated quick-mold-change
system that ensures a safe mold exchange within minutes. The
system removes a mold from the injection press and replaces it
with a preheated, production-ready tool. It lets processors with
frequent mold changes prepare the next mold in parallel with
ongoing production, moving towards the single-minute-
exchange-of-die (SMED) concept. The smart mold loading
table accurately adjusts its height for mold transfer through
processing the data it receives from both the mold and the
injection machine.

Aside from the aforementioned attempts in which specific
integration frameworks were proposed and/or real-world
implementations were reported, there are some other papers
which present their ideas regarding potential integration of
Industry 4.0 technologies and Lean practices or review other
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existing integrated systems. For instance, Kolberg et al. [48,
49] commented on how realization of four pillars of smart
factory, namely “smart operator,” “smart product,” “smart ma-
chine,” and “smart planner” can contribute to more effective
implementation of Lean principles. They also enumerated all
the technologies that could contribute to realization of each of
these pillars. In addition, they made an effort to come up with
a common, unified communication interface for workstations
to support the integration with Lean tools. Considering the
excessive scattering of these ideas in the literature, we catego-
rized the references based on the presented correlations among
Lean tools and Industry 4.0 technologies in Table 2.

99 ¢

4 Use case: a cloud Kanban

In order to demonstrate a real-world example for integrating
Industry 4.0 technologies and Lean tools, we present an EAT
(estimated-actual-total) Kanban framework that has practical
use in any dashboard-type monitoring of processes. In
manufacturing engineering, the use of Kanban is mainly lim-
ited to the operations and specifically to controlling the WIP
inventory. In software engineering, Kanban is used to manage
user stories or software requirements. While these are useful
for specific assembly line or product development, Kanban
application fails to address an enterprise-wide view of re-
source management. To this end, we provide an enhanced
platform that provides a holistic view of operations manage-
ment using the cloud technology as one of the core Industry
4.0 technologies. This cloud-based decision support system
(DSS), combined with a robust continuous improvement
methodology, can help operation managers to make effica-
cious decisions. This framework is developed and implement-
ed for a generic service operations management (SOM) orga-
nization, utilizing the power and innovative cloud platform
Microsoft® Azure™.

4.1 Overview

We define Kanban as a visual tool to monitor and control
resource consumption and production of an enterprise. Our
proposed framework for Cloud Kanban, as one can see from
Fig. 2 (left), consists of six foundational elements that can be
switched on and off, scaled up and from any modern web
browsers. The six elements include:

1. The license key for the system that determines the size and
scale of the system (Service Plan)

2. The database holds the needed production, and planning
data

3. A cloud-based server that has all the web pages and items
(Application Server)

4. A user authentication system so end users can log in via
the organization’s email credentials (The Active
Directory, AD)

5. The User Interface that contains main menu and sub
menus that need to be accessed by end users

6. The needed business rules to accomplish the data entry
and reporting tasks (The Logic)

In our example, our active directory was
user@cloudkanban.onmicrosoft.com, the database was a
Microsoft SQL server, App service was Microsoft Azure
Web Service, Service Plan was Microsoft Imagine, the User
Interface was built in Model-View-Controller. Net Framework
and the business logic was written in c#.

4.2 Implementation

In a typical service, there is a job order that constitutes multi-
ple activities. As one can see from Fig. 2, the first step is to
build the estimated total amount of the job and individual
activities with the job. For all the activities (n=1, 2, 3 to N)

Table 2 A matrix presenting existing literature containing integrated Lean tools and Industry 4.0 technologies

Lean tools/techniques ~ Kanban (Pull) Pokayoke Andon SMED Jidoka VSM CI Kaizen TPM Heijunka 5S
14.0 technologies

Big data [50] [51] [34] [52] [36]

RFID/identification [31, 51] [31] [53] [54]

Cloud computing [55, 56] [51] [56] [52, 53]

AR/VR [31]
Sensor/actuator [39] [51] [51] [31]

Real-time data [51] [54] [54] [43, 51]

AGV

Mobile electronics [48] [51]

Wireless networks [41, 48] [39] [43] [51,52]

HMI [31] [54] [34] [34] [48] [53]
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Fig. 2 Foundational elements of cloud Kanban (left). Implementation framework of cloud Kanban (right)

for the job, an estimated amount per shift (s = 1 to 3) is build.
The amount per shift estimate is computed based on the
“Standard Rate Per Hour” (SRPH) for the activity. The second
is to establish a rough cut schedule. Typically, a “Capacity vs.
Requirement” analysis is done based on the existing re-
sources. Various factors such as number of machines avail-
able, number of employees and raw material availability are
displayed. The third step is a decision support system simula-
tion. For priority jobs, an ant algorithm-based simulation is
run to understand the optimization feasibility of the rough cut
schedules. Based on the results, if needed, fine tuning of rough
cut schedules is performed. The fourth step is to gather the

Fig. 3 Cloud Kanban
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actual production quantities. The labor hours used, number of
bad quality product, and production hours lost due to down
time is also entered. Over time production data gathered helps
to refine and set the SRPH. The final step is to the display the
job and activity progress based on the estimated actual and
total Kanban system [47]. Fig. 3 shows the main menu of the
cloud-based Kanban system. The Kanban decision support
system has features for entering production data and also an
ant colony-based simulation for the schedulers to validate
their rough cut capacity planning. There are seven modules
(production, scheduling, performance indicators, decision
support, system setup, quality, and customer service) in the
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system. These can be completely customized based on the
user roles [47].

5 Summary and conclusion

Ever increasing implementation of Industry 4.0 technologies
in today’s industry has attracted the interest of more re-
searchers to study the link between these technologies and
Lean manufacturing as the predominant paradigm of produc-
tion environments over the last 20 years. Although there have
been some research work exploring into this area, their at-
tempts were mainly scattered and did not holistically address
the topic with the necessary breadth and depth. In this paper,
we have tried to provide a comprehensive review of the
existing research work and identify the potential research gaps

Table 3

to guide and form future studies (Table 3). It can be concluded
from the findings that in some cases, new work has to be done
to keep up with the rapid development of these technologies.
For instance, in a research discussing the effects of IT in
achieving the principles of Lean production done by
Riezebos et al. [33], only centralized IT systems have been
considered, leaving out the more recent distributed structures
resulting from cloud technologies. This distributed structure is
more in line with the Lean philosophy in which team working
is emphasized and responsibility and authority are delegated
to the workforce. As a result, most of the contradictions be-
tween IT systems and Lean principles mentioned in this article
will be no longer relevant in a cloud-based environment. It
was also noticed that, while investigating the effects of simul-
taneous implementation of Industry 4.0 technologies and Lean
practices on operational performance, technologies related to

Summary of literature discussing interaction between Industry 4.0 technologies and Lean tools

Reference Research type Data set

Performance dimension

Contributions/findings

147 Brazilian
manufacturers

Tortorella et al. [30]

Quantitative

Satoglu et al. [31]

186 manufacturers
in Thailand

Khanchanapong Quantitative

et al. [32]

Riezebos et al. [33]

Sanders et al. [34] Qualitative

Wagner et al. [32] Quantitative
automotive industry

project leaders

Azadeghan Quantitative 126 US manufacturer

et al. [35]

Dombrowski
et al. [24]

Quantitative
manufacturers

Productivity, delivery
service level, inventory
level, quality, safety

Qualitative - -

Cost, product quality,
lead-time, and flexibility

Qualitative - -

Survey of 20 -

Complexity, dynamism

260 German —

- Technologies related to products or services
effect the moderating effect positively

- Process-related technologies moderate the effect
of low setup time negatively

- Effects might change when 14.0 practices are
implemented simultaneously with Lean

- Industry 4.0 technologies solely cannot address
the issues rooted in mismanagement or
disorganization

- An effective information flow is critical both
before and after implementing 14.0
technologies

- A significant positive interaction effect exists
between advanced manufacturing and Lean on
cost, product quality, lead-time, and flexibility

- Firms better off investing in both of these
paradigms simultaneously

- Origins of the different approaches were similar

- When the acceptance of Lean manufacturing
became more pervasive, the practices typically
converged into systems with combined
concepts

- Enumerated the existing challenges regarding
implementation of ten Lean manufacturing
practices and summarized the offered solutions
through Industry 4.0 technologies

- Developed an impact matrix to identify Industry
4.0 solutions and Lean correlations

- Assessed a cyber-physical Just-in-Time delivery
solution based on their developed matrix

- “Environmental complexity” positively
moderates the effects of Lean practices on
operational performance

- Statistically disclosed that the digitalization has
the highest impact on the principles of Lean

- Horizontal integration does not seem to have a
high impact on the single principles of Lean
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products, services, and processes should not be tarred with the
same brush, as there is differentiation among their moderating
effects on various Lean practices [30]. Another point is that
the socio-cultural factors also have to be taken into account
while investigating the link between Industry 4.0 and Lean
implementation, as different and sometimes contradicting re-
sults have been obtained studying companies from different
countries, especially between companies located in develop-
ing counties such as Thailand and Brazil and western coun-
tries [30, 32]. In terms of new platforms integrating Industry
4.0 technologies and Lean tools, there is going to be a huge
opportunity considering the explosive rate of improvements in
the existing technologies and the emergence of new ones. The
“Existing and/or potential integration of Industry 4.0 and Lean
tools” section of this paper can be a good foundation for re-
searchers to explore before moving towards new
implementations. A cloud-based Kanban decision support
system is also presented here as a real-world demonstrator
for integrating an Industry 4.0 technology (cloud computing)
and a major Lean tool (Kanban).
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