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Abstract:

For more than four decades, Lean Manufacturing (LM) has delivered in terms of waste reduction, productivity
and sustainability for the benefit of manufacturers, customers and society at large. In the present era of Industry
4.0 (14.0), the integration of physical and digital systems is providing huge scope for enhancing the performances
of conventional lean tools and practices. Although recent literature has emphasized the integration of lean and
Industry 4.0 as Lean 4.0, the mode of integration and basis for selecting technologies need to be explored more.
The present paper aims to address this gap and presents a novel Tool-Input-Process-Output (TIPO) approach
in which ‘Inputs’ required for the implementation of conventional lean tools are identified and mapped with core
characteristics of 14.0 technologies to develop the ‘Process’ for the integration. Exemplified on three prominent

lean tools; Just-In-Time (JIT), Jidoka and Heijjunka to illustrate the proposed framework.
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1. Introduction

As technology continues to advance, the
manufacturing industry must adapt and evolve to
meet the changing demands of consumers. Staying
ahead of the competition in the fast-paced world
of modern manufacturing is crucial for success
(Tampubolon & Purba, 2021). This has led to a
multitude of shifts and advancements in the field of
manufacturing, with notable concepts such as Lean
and Industry 4.0. Recently, literature has begun to
combine these approaches and refer to them as ‘Lean
Industry 4.0 or ‘Lean 4.0’ (Gil-Vilda et al., 2021;
Najwa et al., 2021; Valamede & Akkari, 2020).

Lean Manufacturing (LM) is a well-established
approach in manufacturing which has been used
for decades with the goal of minimizing waste and
increasing productivity while meeting customer needs
(Womack & Jones, 1997). To enhance operational

efficiency and gain a competitive edge, many
manufacturing companies have implemented lean
Manufacturing initiatives with the aim of cultivating
a culture of ongoing improvement (Jastia & Kodali,
2015). The principles of LM involve understanding
what the customer values, waste reduction, creating
products based on customer demand and promoting
a steady and efficient process (Marodin et al., 2022).
The practices of LM involve low-tech, simple
and effective methods that are aligned with the
company’s vision (Hopp & Spearman, 2021). LM
also emphasizes the importance of empowering
and involving employees in the change process,
regardless of their position or function (Buer et al.,
2021; Ciano et al., 2021).

Previous industrial revolutions have greatly
advanced society and brought about significant
benefits that are still being felt today (Nai Yeen
Gavin Lai et al., 2019). Industry 4.0, the fourth
stage of the industrial revolution, has the potential
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to revolutionize the manufacturing sector. 14.0, first
introduced at ‘Hannover Fair’ in Germany in 2011,
refers to the integration of interconnected machines,
smart systems and interconnected solutions to
create intelligent production units using digital
and computerized components that monitor and
control physical systems (Calis Duman & Akdemir,
2021). The rise of Industry 4.0 has transformed
the way organizations think about manufacturing
and the techniques used to optimize production
(Hofmann & Riisch, 2017). In the current era of
14.0, manufacturers are encouraged to investigate
the use of advanced technologies, automation and
digitalization as a means of further optimizing the
lean enterprise and achieving operational excellence
(Sartal etal., 2022). These digital advancements offer
the potential for significant gains in productivity and
efficiency. By embracing Industry 4.0, manufacturers
can stay at the forefront of the industry and maintain
their competitive advantage. The principles of
lean manufacturing, such as minimizing waste and
maximizing value for customers, align well with
the goals of 14.0 (Bittencourt et al., 2021; Pereira
et al., 2019). According to (El Faydy et al., 2023),
the effectiveness of the Lean-Product life cycle
framework in the context of Industry 4.0 depends
on several factors, including the endorsement and
dedication of senior leadership, the utilization of big
data, effective change management strategies and
the provision of adequate professional training and
development opportunities. By leveraging the power
of big data analytics and cyber-physical systems,
manufacturers can more effectively identify and
eliminate waste in their operations (Powell et al.,
2018). For example, data from machine sensors can
be used to identify bottlenecks in production lines,
allowing manufacturers to address these issues and
improve flow. Additionally, the automation of certain
processes through the use of cyber-physical systems
can help manufacturers reduce errors and improve
efficiency, leading to leaner operations (Romero
etal., 2018).

Moreover, integration of 14.0 technologies with
principles and tools of LM can help manufacturers
achieve even greater levels of operational efficiency
and competitiveness. Numerous studies have explored
the potential impact of 14.0 on LM practices and the
benefits of LM organizations that implemented 14.0
technologies (Agostinho & Baldo, 2020; Ciano et al.,
2021; Schumacher et al., 2020). However, there is
a need for an operational framework that guides
potential directions for this integration. To address
this gap, a novel framework named TIPO (Tool-
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Input-Process- Output) is proposed and applied in
this research paper to illustrate some important lean
tools.

In this paper, Section 2 provides an overview of the
research background on LM, 14.0 and the correlation
between them. In Section 3, the proposed TIPO
approach and its application to a LM system are
presented. Specific application of TIPO to three
lean tools (JIT, Jidoka and Heijunka) is illustrated
in Section 4. Conclusion and future directions for
research are given in Section 5 of the paper.

2. Research Background

This section presents the current state-of-art on
LM, 14.0 and their interaction through a judicious
selection of literature and review. It identifies the
research gaps and thus serves as a motivation for the
framework proposed in the present study.

2.1. Lean Manufacturing

In response to challenges for industry survival,
Taiichi Ohno came up with a system aimed at
reducing costs by eliminating waste and treating
workers with respect at Toyota Production System
(TPS) (Ohno, 1988). This philosophy proved to be
successful as Toyota’s profits exceeded those of
other firms in Japan, Europe, and the United States
(Krafcik, 1988). This led to increased curiosity
among managers and market experts about Toyota’s
unique approach. The book ‘The Machine That
Changed the World’ popularized TPS and introduced
the world to ‘Lean Manufacturing” (Womack et al.,
2007). The core principles of lean manufacturing
focus on maximizing value and eliminating waste by
identifying and meeting customer needs, improving
flow, efficiency and continuously pursuing for
perfection.

To effectively eliminate waste and improve
efficiency, manufacturers must first identify the
specific types of waste that may be present in the
operations. These wastes include overproduction,
waiting, defects, over-processing, excess inventory,
unnecessary motion and unused talent. Some of
the prominent LM tools are Jidoka, Heijunka, Just-
In-Time (JIT), Single-Minute Exchange of Die
(SMED), Value Stream Mapping (VSM) and Total
Productive Maintenance (TPM). Implementing JIT
inventory management can help to reduce excess
inventory and improve flow, while TPM can improve
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equipment reliability and reduce maintenance costs
(Gunasekaran & Lyu, 1997). Many firms have
found that implementing lean practices can lead to
significant increases in efficiency and quality with
reduction in costs and waste (Karim & Arif-Uz-
Zaman, 2013, Carvalho et al., 2019). In addition,
the focus on continuous improvement and employee
involvement has also been found to lead to a more
engaged and motivated workforce. However,
it should be noted that implementation of lean
manufacturing is not a one-time process but rather
a journey that requires commitment and dedication
from the entire organization (Drew et al., 2004).
Additionally, LM principles can be adapted and
customized to fit the specific needs and constraints
of an individual organization (Jina et al., 1997).

2.2. Industry 4.0

Ever since its inception, the notion of Industry 4.0 has
gained significant traction in both the corporate and
educational spheres, serving as ameans to describe the
impact of the assimilation of emerging technologies
within the manufacturing and supply chain domains.
In 2011, the German country introduced Industry 4.0
as a component of its advanced technology strategic
program (Kagermann, 2013). 14.0 has six key design
principles which are the core foundation for all
the changes (Table 1). The implementation of 14.0
comprising of diverse technologies like Artificial
Intelligence (Al), Internet of Things (IoT), additive
manufacturing, cyber physical systems, cloud
computing, Virtual/Augmented reality (VR/AR), big
data analytics, autonomous robotics, simulation and
digital twin (Mittal et al., 2018).

The potential for improvement in operational
efficiency of firms through the adoption of
empowering technologies and principles of 14.0 is
substantial, as it emphasizes enhancing processes,
products and business models (Tortorella &

Table 1. Key design principles under Industry 4.0.

Fettermann, 2018). A substantial research reports
suggest that these technologies can address the
challenges faced by traditional manufacturing
such as poor efficiency, managing complex supply
chains, offering high levels of customization and
meeting the demands of adaptable and service-
based markets (Chiarini et al., 2020). The integration
of technologies such as digital automation and
remote monitoring can have a significant impact
on manufacturing processes (Kolberg et al., 2017)
and other 14.0 technologies like cloud services, big
data, and rapid prototyping can enable companies
to achieve substantial advancements in product
development and innovation in service delivery
(Wan et al., 2015; Zuehlke, 2010). Although
there are varying perspectives among researchers
on the components of Industry 4.0 and their
interconnections can be found, Figure 1 presents
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Figure 1. Core characteristics and technologies under 14.0.

Principles Description
. The ability of machinery, devices, people in the organization to interact through IoT (Internet of
Interoperability Things) and IoS (Internet of services).
. . Potential to make virtual replica of the real-world using Sensors, Simulation models, and Plant
Virtualization
Framework.
Decentralization The potential of cyber-physical systems (CPS) to make independent decisions.

Real-Time capability

Service Orientation N
and across organizational borders.

Modularity

The ability to collect, analyze and provide critical insights instantly.
The employees can remotely access the organization through IoS. This can be offered both inside

The ability to quickly change or replace the modules according to requirements.
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an acceptable depiction of the core characteristics
and their enabling technologies. A formal definition
is presented as “Industry 4.0 is a paradigm shift in
the manufacturing industry, characterized by the
integration of advanced technologies throughout
the supply chain, which leads to an increase in
automation, self-regulation, and decentralization
of decision-making, ultimately resulting in a more
efficient and adaptable production process”.

Given the rapid pace of technological advancements
withinthe realm of14.0, itis important to acknowledge
that categorizations within this field are subject to
change. As new technologies emerge and existing
ones mature, it is imperative to continuously update
and expand upon current categorizations.

2.3. Lean 4.0

The effectiveness and compatibility of combining
LM and 14.0 in manufacturing have been a point of
discourse in many recent literature (Bittencourt et al.,
2019; Kipper et al., 2020; Pagliosa et al., 2021).
Some researchers have even suggested that the lean
system serves as a basis for executing 14.0 (Mayr
et al., 2018; Pereira & Romero, 2017; Varela et al.,
2019). A study (Tortorella et al., 2021) proposed that
integrating LM procedures with 14.0 could lead to
‘Lean Automation’, which could enhance flexibility
and streamline information flow thus enabling
businesses to meet the evolving demands of the
market. They also noted that the existence of 14.0
technologies alongside lean manufacturing practices
will not hinder each other, but instead, it offers a
possibility for a collaborative and synergistic effect.
In their research, (Kolberg et al., 2017) examined
41 different methods with the goal of creating an
interface for the digitalization of LM practices using
cyber physical systems. Similarly, (Buer et al., 2018)
conducted a study that focused on the relationship
between 14.0 and LM. They identified four primary
areas of research which include the ways in which
14.0 can support and enhance existing LM methods,
how LM can facilitate the adoption of 14.0, the
effect of integrating LM and 14.0 on various aspects
of production performance and the environmental
factors that may influence the integration of these
two practices. (Spenhoff et al., 2022) proposed
an effective approach to manage production by
integrating LM and 14.0. Their scheduling framework
prioritizes flexibility, minimizes disruptions and
optimizes production scheduling. (Cifoneetal.,2021)
categorized eight mechanisms that reduce waste and
assist with process improvement through digital
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technologies aiding firms in selecting effective tools.
According to (Dahmani et al., 2021), integrating lean
and eco design with 14.0 technologies can improve
circular business models and sustainable product
strategies can be implemented.

Rosin et al. (2020) emphasized 14.0’s impact on
LM and its potential to enhance lean practices,
specifically JIT and Jidoka, indicating strong
support for 14.0 technologies. While (Tortorella
& Fettermann, 2018) were able to demonstrate a
connection between LM implementation and 14.0
for enhancing operational performance through an
empirical study conducted in Brazil. (Buer et al.,
2018) examined the relationship between 14.0 and
LM, highlighting crucial areas for investigation such
as the improvement of LM practices, the support of
LM inimplementing I4.0 and the impact of integrating
LM and 14.0 on various production performances.
Studies have also explored the correlation between
14.0 and sustainable performance, with LM serving
as a potential mediating variable to examine
both direct and indirect impacts on performance
(Kamble et al., 2020). Rossini et al. (2019) studied
the relationship among 14.0 technology adoption,
LM practices and operational performance for
European manufacturers. (Ciano et al., 2021) also
examined the direct connections between LM and
14.0 through multiple case studies. Yadav et al.
(2020) opined that integrating 14.0 technologies can
improve organizational performance indicators like
productivity, quality performance and sales turnover
under different combinations of lean six sigma and
quality management systems as implemented in
Indian firms.

Saraswat et al. (2021) emphasized the role of
technologies such as IoT and data analytics in
improving decision support systems and enhancing
productivity when integrated with LM. They also
identified twelve critical success factors that enable
the integration of 14.0 tools and LM in small and
medium scale companies. Despite numerous studies
demonstrating the positive effects of integration, the
individual interaction between tools and technologies
remains unclear (Taghavi & Beauregard, 2020). From
the literature survey, it is apparent that researchers
are increasingly interested in investigating the
compatibility and effectiveness of integrating 14.0
technologies and LM practices. However, the
existing research has also highlighted the need for
further exploration of the ways in which these two
can be optimally integrated to achieve maximum
positive effect for manufacturing organizations. To
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contribute towards this research gap, the present
study is motivated to propose a novel methodology
that seeks to explore the optimal integration of 14.0
technologies and LM practices in a systematic and
comprehensive mode.

This methodology can provide practical insights and
recommendations for manufacturing practitioners
looking to integrate Industry 4.0 technologies and
lean manufacturing tools.

3. Proposed TIPO Approach

This research work is presenting a novel methodology
Tool-Input-Process-Output or TIPO to draw a broad
framework for integrating suitable 14.0 technologies
with lean tools and practices. As depicted in Figure 2,
the ‘Tool’ indicates the specific lean tool under
consideration. The ‘Input’ section should identify
the inputs required for implementing the tool. Here,
some expertise of lean practitioners is required to
properly understand the operation of conventional
lean tools and their inputs. For example, in the JIT
inventory system, data on demands, inventory levels,
replenishment records of suppliers, etc. are typical
inputs. The ‘Process’ section will examine the mode
of integration based on the inputs and compatibility
with 14.0 technologies.

9N =N B =

=) ) £ )

. Inputs required for __ Steps for Expected
Specific Lean tool P
Sal implementing the Lnntegraulng 'I{‘: outcomes
Lean tool. Santoclin¥eo
scenario.

Figure 2. Sections of a TIPO Approach.

The core characteristics and enabling technologies
of 14.0 as described in §2.2 are mapped to identified
inputs to develop the process. Finally, in the
‘Output’ section, the expected results and potential
improvements in the system will be outlined. The
integration of lean tools and practices with Industry
4.0 technologies can be comprehensively understood
using the TIPO methodology. It simplifies the
mode of integration and serves as a foundation for
further improvements in future. Eventually, the
TIPO methodology can benefit manufacturers,
practitioners and researchers by offering a structured
approach to implement this integration. A model
lean 4.0 framework followed by three specific lean
tools based on TIPO are presented in the subsequent
sections of the paper.
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3.1. Lean 4.0 Framework

Lean 4.0 framework, an innovative model
that integrates the principles and tools of lean
manufacturing  with advanced Industry 4.0
technologies. This framework has been developed
based on an extensive review of the literature with
the primary objective of enhancing efficiency,
reducing downtime and increasing productivity by
leveraging technologies such as big data, artificial
intelligence, automation and real-time data analysis.
Figure 3 depicts the framework, highlighting its
various components and their interrelationships.
In a lean 4.0 shop floor environment, machines
are connected by IoT and act as CPS, enabling
seamless communication among machines and the
plant interface system (Rossi et al., 2022). Lean
4.0 requires real-time data collection and analysis,
enabling predictive maintenance and efficient
production planning (Peter et al., 2022).

Communication between man and machine is
possible through smartwatches, Cobots and inventory
levels can be identified using RFID cards (Kolberg,
2015). To further improve efficiency and reduce
waste in a lean environment, additive manufacturing
technology has been widely adopted. In fact, studies
have shown that the implementation of additive
manufacturing technology has significantly reduced
inventory levels and improved overall operational
efficiency (Rosin et al., 2020). Further, in this
proposed Lean 4.0 framework, the Plant Interface
System (PIS) serves as a central hub for information
transfer among managers, suppliers and the shop
floor. The PIS comprises two key modules: the
Advance Maintenance Prediction (AMP) module
and the Adaptive Production Planning (APP)
module. The AMP module utilizes big data and Al
to predict potential failures or bottlenecks in the
production process based on the data related to stock
level, production process, and machines.

The APP module generates an optimum production
sequence based on customer order data and real-time
information from the AMP, allowing for dynamic
and efficient production flow. Flow of information
from the APP module to the AMP module enables
real-time updates to the production schedule
based on predicted maintenance needs, ensuring
optimal production flow and minimal downtime. If
equipment is likely to fail, AMP alerts managers and
APP adjusts the production schedule. If maintenance
is needed sooner than predicted, APP modifies the
schedule to keep the production optimized.
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Figure 3. Proposed Lean 4.0 Framework.

This ensures that customer demand is met in a
timely and efficient manner. An important aspect
of Lean 4.0 is that it empowers managers to be the
final decision makers, rather than leaving it all to
machines and technology. This approach ensures that
the implementation of 14.0 and LM tools aligns with
the objectives and goals of the organization, ensuring
sustainability and productivity.

The framework can also be customized to meet any
specific requirements of the firm. Application of
TIPO approach to three prominent lean tools JIT,
Jidoka and Heijunka within Lean 4.0 framework are
presented here.

4. TIPO Approach for Lean 4.0 Tools
4.1. JIT 4.0

JIT is a crucial entity of the Toyota Production System
and lean manufacturing approach. Its primary goal is
to produce in exact quantity, time, location, quality
and costs without the need for an inventory backlog
(Valamede & Akkari, 2020). In order to achieve
this, inventory from suppliers is procured only
when required, eliminating unnecessary inventory
carrying and movement in the manufacturing plant.
JIT significantly minimizes waste and maximizes
efficiency by implementing rigorous inventory control
systems and closely monitoring production schedules.

Int. J. Prod. Manag. Eng. (2024) 12(1), 65-77

The achievement of JIT’s goals may face obstacles
arising from logistical system issues like incomplete
product information, discrepancies between the
requested and delivered goods and unexpected
transportation delays (Sanders et al. 2016; Mayr
et al., 2018). Integrating cloud technology with IoT
enables wireless tracking of products will improve
on-time delivery and logistics operations (Sanders
et al. 2016).

To realize the full potential of JIT, it is essential
to address these challenges from logistics system
and ensure that the right products are transported
at the right time and location to meet production
requirements. The core characteristics of 14.0, such
as real-time data analysis, horizontal and vertical
integration, transparency, flexibility, digitalization,
and automated monitoring, can significantly improve
the JIT (Ciano et al., 2021, Wagner et al., 2017).
The utilization of 14.0 tools such as big data, Al,
automation, and real-time data analysis (Satoglu
et al., 2018; Xu & Chen, 2017) facilitates both the
collection of these inputs and the application of their
core characteristics, while still adhering to traditional
JIT principles. Figure 4 highlights that Industry 4.0
technologies can contribute to achieving JIT goals
more efficiently. For this TIPO approach, inputs
are identified as customer data, supplier data, and
inventory data based on research works of Wagner
et al. (2017), Sihle and Sambil (2018), Xu and Chen
(2017). The interaction between lean practices and
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Figure 4. TIPO for JIT 4.0.

14.0 can improve the flexibility and connectivity
of the supply chain throughout different processes,
devices, and stakeholder (Santos et al., 2021). The
implementation of technologies such as the cloud, big
data analytics and additive manufacturing can offer
several advantages to JIT. In the process step of the
TIPO, the conventional Kanban cards are replaced
by real time machine to machine communications
using cyber physical systems and [oT.

Real-time data analysis and advanced analytics
enable a dynamic and efficient production flow
by utilizing customer order data and real-time
information from the Advanced Maintenance
Prediction (AMP) module. This ensures that the right
materials and resources are available at the right time,
reducing inventory and waste. Additionally, the flow
of information between the Adaptive Production
Planning module and the AMP module allows for
real-time updates to the production schedule based
on predicted maintenance needs, further reducing
waste and inventory.

The process step of TIPO for JIT is explained here.
Upon receiving a customer order, the plant interface
system promptly verifies the inventory level and
creates an automatic purchase order for manager
approval. Once the manager approves the order,
the plant interface systems, sends a copy of it to
store in the cloud for record keeping. Additionally,
plant interface systems then immediately send an
order to the supplier to ensure timely delivery of
the necessary materials for production. An optical
RFID system will automatically post the delivered
materials and factor them into the calculation of

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

future material requirements. Real-time supply
chain data obtained through technologies like
RFID and GPS are processed and shared via the
cloud for advanced analytics and machine learning.
In certain circumstances, it may also be possible
for the supplier to directly deliver to the machine,
eliminating inventory completely, this ultimately
improves efficiency, minimizes downtime, and
increases productivity. Additive manufacturing
technologies facilitate the production of customized
orders with high efficiency and precision, while
minimizing process time and raw material wastage.
By implementing the Just-In-Time 4.0 framework,
it is possible to attain various desirable outcomes,
such as minimizing excess inventory, shortening
lead time, enhancing operational efficiency, realizing
cost savings, ensuring traceability, and boosting
adaptability.

4.2. Jidoka 4.0

Jidoka, a Japanese term for ‘autonomation’ is a
system that monitors the manufacturing process in
order to detect defects at their source and prevent
the spread of defective products. Further, the Jidoka
system detects abnormalities and provides feedback
through ‘Andon’ alarms (Rossi et al., 2022). It can
detect, diagnose, and prevent problems before they
occur (Buer et al., 2018; Mayr et al., 2018).

The evolution of Jidoka systems has progressed
from mechanical devices known as ‘Poka-Yokes’
that simply detect and stop an undesired state in the
manufacturing process to more advanced systems
with visual and audio alerts (Romero et al., 2019).

Int. J. Prod. Manag. Eng. (2024) 12(1), 65-77 | 71
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Figure 5. TIPO for Jidoka 4.0.

The present TIPO framework (Figure 5) proposes
the use of 14.0 technologies such as IoT, CPS, big
data analytics and cloud computing for upgradation
to Jidoka 4.0. Based on previous works of (Romero
et al., 2019, Rossi et al., 2022 and Deuse et al.,
2020), implementing Jidoka in a manufacturing
process requires the input data from the machine,
production process and stock level. Moreover,
the core characteristics of 14.0, such as vertical
integration, real-time data/analysis, transparency,
flexibility, digitalization, automated monitoring,
and visualization can significantly aid in collecting
these inputs more quickly and in real-time. In the
process step of the TIPO framework for Jidoka 4.0
an advanced maintenance prediction module for the
PIS is included. PIS utilizes both supervised and
unsupervised learning methods to identify patterns
in production process and machine data. By using
the advanced maintenance prediction module, the
PIS can detect any abnormal production process
patterns that may lead to deviations in product
quality and anticipate potential failures, allowing for
proactive maintenance and minimizing downtime.
The Jidoka 4.0 can incorporate human-computer
integration devices such as tablets, head-mounted
displays, and wrist-worn smart devices. Its main
objective is to promptly alert operators/managers
of any potential machine malfunctions, replacing
the traditional Andon beacons. With the use of such
devices, communication between man and machine
is streamlined, enhancing productivity, and reducing
downtime. The alerts include specific information
on machines, estimated failure times, and necessary
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changes in real-time. When a machine failure is
detected, the advanced production planning module
of the PIS gets activated. This module generates a
new production sequence and adjusts the production
process to minimize the impact of the failure. For
example, it might reroute materials or adjust machine
settings to address the malfunction and ensure
continued productivity. By providing managers
with real-time data and analysis. The Jidoka 4.0
framework allows them to quickly respond to issues
and keep production running smoothly. The output
from this TIPO models can be listed as reduction
in defects/wastage, product quality improvement,
decrease in machine downtime, shorter lead time,
increased productivity, efficiency, cost savings,
traceability and flexibility in the system.

4.3. Heijunka 4.0

Heijunka is a principle in lean manufacturing that
aims to level production and balance demand with
production capacity (Monden, 1983; Womack &
Jones, 1997). This is achieved by breaking down
the production schedule into smaller chunks and
balancing the workload (Boutbagha & Laila, 2022).
Heijunka eliminates uneven customer demand and
stabilizes production, using tools such as Kanban
cards and workload balancing techniques. The goal
is to reduce overburden and idle time for workers
and equipment. The traditional approach to Heijunka
involves manual calculations for optimal outputs.
By leveraging the core attributes of 14.0, such as
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real-time data collection and analysis, automated
monitoring, and horizontal and vertical integration,
the Heijunka system can be advanced to a new level.
This upgraded version of Heijunka 4.0 can take full
advantage of 4.0 tools to accomplish all its essential
characteristics and enhance its overall performance
to a significant extent. According to (Kolberg et al.,
2017, Mayr et al., 2018, Pereira et al., 2019 and
Spenhoff et al., 2022) Heijunka is well-suited to
be used alongside 14.0 technologies, including Al,
IoT, CPS, big data, and cloud. The present TIPO
framework also emphasizes the use of these Industry
4.0 tools in the process (Figure 6). Inputs for the
implementation of Heijunka 4.0 include customer
order data (Prinz et al., 2018, Satoglu et al., 2018)
and real-time information from the Predictive
Maintenance Framework module, such as machine
data and production process data.

When customer orders are received, the PIS
is notified and generates the best sequence for
production. It also checks the cloud for any similar
order patterns and updates the sequence accordingly.
If the manager approves, the information will be
passed on to the Plant Interface System’s Adaptive
Production Planning module, then it calculates the
Takt time needed to meet customer demand and
schedules production accordingly. The resulting
production sequence and schedule is then sent to
the shop floor, automated material handling devices

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

and machines to level out production. The outputs
from the TIPO approach are identified as balanced
production, reduction in the overburden on operators
and equipment, shorter lead time, productivity
enhancement, cost savings, improved traceability,
and flexibility.

5. Conclusion

Lean 4.0 combines the principles and tools of lean
manufacturing and the technologies of Industry 4.0
to create a powerful and efficient system for modern
manufacturing to stay ahead of the competition by
maximizing customer value.

In this paper, a Lean 4.0 framework is proposed
along with the novel TIPO methodology which
provides a clear and comprehensive step to integrate
the conventional lean tools, such as Just-in-Time,
Jidoka and Heijunka with 14.0 technologies.
Based on previous research works and successful
implementation of Lean 4.0 case studies, the various
14.0 technologies such as IoT, CPS, cloud computing,
data analytics, additive manufacturing, robotics, efc.
are mapped with the type of inputs required for the
conventional lean tools. The potential outputs after
integrating these technologies are also identified for
each of the three lean tools considered.
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More research should focus on the generalization implement Lean 4.0 in different contexts. By
of the integration on the basis of inherent needs of leveraging the power of Lean 4.0, manufacturers can
the conventional lean tools and core characteristics stay ahead of the competition and achieve greater
of 14.0 technologies. Development of innovative levels of productivity and profitability.

tools and processes that can be used to effectively
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