
1. Introduction

Lean 4.0 is transforming production by helping 
companies face the pressures of increasing market 
competition. Studies highlight that Lean practices and 
Industry 4.0 technologies complement each other, 
making the adoption of digital and smart manufactur-
ing solutions more effective when a Lean culture is 
already established [1].

The steel industry ranks among the most signifi-
cant industrial sectors, playing a crucial role in the 

global economy. Consequently, minimizing waste in 
operational processes is essential, making the imple-
mentation of Lean tools a critical factor. Lean practic-
es improve production efficiency, enhance product 
quality, and foster a culture of continuous improve-
ment [2].

Implementing Industry 4.0 technologies in steel 
plants increases productivity, reduces costs, and pro-
motes sustainability. Digitalization improves supply 
chain management, quality control, maintenance, 
and production planning. IoT sensors provide real-
time data on production processes. This enables 

Maintenance is a critical function in the steel industry, playing a key role in production 
performance. Lean methodologies are extensively implemented in industrial settings, em-
phasizing practices that drive continuous improvement. Industry 4.0 has emerged through 
intelligent technologies designed to digitalize industrial processes. The combination of these 
approaches creates meaningful synergies that can assist both researchers and practitioners in 
enhancing the operational efficiency of organizational assets. The objective of this study is to 
investigate how Lean 4.0 principles can enhance maintenance management and operational 
efficiency in a welding machine within a steel galvanizing process. This research applies Lean 
4.0 principles through an empirical case study of a welding machine in a steel galvanizing line, 
focusing on ensuring welding quality and optimizing maintenance processes. The findings 
reveal a considerable reduction in production downtime: by standardizing disc replacement 
procedures, introducing a machine checklist, and providing staff training, the continuous 
galvanizing line achieved a reduction of 375 minutes per year in total welding machine down-
time, compared to the historical baseline of 496 minutes per year specifically associated with 
welding disk failures. This optimization resulted in organizational improvements and a more 
competitive industrial environment with skilled personnel.
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faster, more precise decision-making and optimizes 
plant performance [3].

According to [4], equipment maintenance is criti-
cal for steel industries, as it ensures safe operations, 
prevents costly downtime, and supports continuous, 
efficient production. Maintenance plays a key role in 
industrial operations, as equipment failures can lead 
to serious consequences, including environmental 
harm, safety risks for workers, and significant fi-
nancial losses. Implementing effective maintenance 
practices helps maintain operational continuity, re-
duces unplanned downtime, and ensures that pro-
duction systems operate at their optimal efficiency 
levels [5].

As per [6], the continuous galvanizing line is an 
integral part of steel industry processes. This process 
provides excellent corrosion resistance for products 
such as pipes and automotive components. Steel is 
coated with zinc, and the coating quality depends on 
both the zinc composition and the steel surface. The 
process involves immersing the steel in a zinc bath 
and using rollers and gas knives to achieve a uniform 
finish [7].

In continuous galvanizing lines, laser welders are 
critical assets that connect steel strips and ensure un-
interrupted production. Predictive maintenance us-
ing machine learning allows early detection of poten-
tial failures, minimizing downtime and maintaining 
operational efficiency in steel plants [8].

Several studies have highlighted the importance 
of structured maintenance practices for improving 
equipment reliability [9]-[11]. Recent research also 
explores the integration of Industry 4.0 technologies 
with Lean maintenance approaches, demonstrating 
potential benefits for production efficiency and as-
set performance [12]-[14]. However, these studies 
are predominantly conceptual, simulation-based, or 
focused on short-term case analyses, lacking robust 
longitudinal validation in real industrial environ-
ments, particularly in steel galvanizing processes. 

In contrast, this study advances the current state 
of research by providing a five-year longitudinal em-
pirical analysis of a welding machine in an industrial 
galvanizing line, enabling a deeper understanding of 
failure patterns, maintenance performance evolu-
tion, and the sustained impact of Lean 4.0 interven-
tions over time. Thus, the main contribution lies in 
moving beyond theoretical and short-term evidence, 
offering validated, real-world insights into how Lean 
4.0 improves maintenance reliability and operation-
al performance in a critical industrial context.

In this context, this research aims to support 
maintenance managers in developing strategies to 

reduce unplanned downtime through the applica-
tion of Lean 4.0 principles within a steel galvaniz-
ing production line. Unlike previous studies, this 
research adopts an integrated Lean 4.0 approach 
combining action-research methodology, real-time 
data analysis, and structured problem-solving tools 
(e.g., Ishikawa, 5W1H, and TPM 4.0) applied in a 
real industrial environment.

The novelty of this study lies both in the applied 
approach, linking Lean maintenance practices with 
Industry 4.0 technologies through a longitudinal and 
intervention-based framework, and in the proposed 
solutions, which include standardized procedures, 
real-time monitoring systems, and data-driven main-
tenance indicators validated in practice. The study 
seeks to minimize production losses by strength-
ening maintenance planning, improving condition 
monitoring, and increasing equipment reliability, 
thereby enhancing overall operational performance.

The research problem is grounded in a longitudi-
nal analysis of maintenance and production data col-
lected over a five-year period. During this time, the 
analysed galvanizing production line experienced 
significant productivity losses due to frequent cor-
rective maintenance interventions on welding ma-
chines, highlighting the need for more structured, 
data-driven maintenance management practices, as 
welding systems are recognised as critical sources of 
downtime in continuous galvanizing processes[8].

The objective of this study is to investigate how 
Lean 4.0 principles can enhance maintenance man-
agement and operational efficiency in a welding 
machine within a steel galvanizing process. This 
study addresses the following research question: 
How does the application of Lean 4.0 principles to 
maintenance management influence operational ef-
ficiency and maintenance performance of welding 
machines in steel galvanizing processes? 

To achieve this objective, the study adopts an 
integrated theoretical and empirical approach, ex-
amining how the combination of lean practices and 
digital technologies contributes to improving equip-
ment reliability and maintenance effectiveness. The 
research evaluates the impact of data-driven mainte-
nance strategies, real-time condition monitoring, and 
standardized maintenance procedures on reducing 
downtime and increasing machine availability.

This paper is organized into six sections: Section 
1 introduces the topic, Section 2 reviews the litera-
ture, Section 3 presents the methodology, Section 4 
reports the results, Section 5 discusses the findings, 
and Section 6 concludes the paper.
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2. Literature review

2.1 Industry 4.0

Organizations operate in increasingly uncer-
tain and competitive environments, driven by rising 
customer expectations and market pressures. The 
Fourth Industrial Revolution - Industry 4.0, has in-
troduced a range of technologies to modernize indus-
trial operations, including Artificial Intelligence (AI), 
Internet of Things (IoT), Cloud Computing, and Big 
Data [15]. These technologies enable interoperabil-
ity, real-time data exchange, and decentralized deci-
sion-making in industrial systems.

In maintenance management, Industry 4.0 sup-
ports predictive capabilities, condition monitoring, 
and data-driven interventions, allowing a transition 
from reactive to proactive maintenance strategies [9]. 
Furthermore, these capabilities support the integra-
tion of maintenance with continuous improvement 
approaches, such as Lean Maintenance, reinforcing 
the foundations of Lean Maintenance 4.0 [12].

2.2 Lean Maintenance and Machine 
Reliability

In steel plants, assets operate under harsh condi-
tions such as high temperatures, corrosion, erosion, 
and wear, which directly impact performance and in-
crease maintenance costs. Sophisticated equipment 
is often prone to random failures, making an effective 
maintenance strategy essential for operational effi-
ciency. Proper maintenance not only extends equip-
ment life but also reduces production costs, ensuring 
smoother and more reliable plant operations [16].

Lean was developed to eliminate waste and pro-
mote continuous improvement. It is a gradual, long-
term strategy aimed at covering every productive 
process. Paired with Industry 4.0 technologies, Lean 
emphasizes: value, value-stream mapping, continu-
ous flow, pull systems, the pursuit of perfection, and 
the role of people and teamwork [17]. 

Lean Maintenance applies Lean principles to 
maintenance, repair, and overhaul activities to im-
prove efficiency across all operations. It focuses on 
optimizing inventory, controlling costs, preventing 
breakdowns, and training personnel. The approach 
aims to maintain required product reliability while 
minimizing maintenance expenses. By integrating 
Lean methods, organizations can enhance opera-
tional performance and reduce waste in maintenance 
processes [18].

According to [19], organizations adopt lean-based 
maintenance to reduce waste and create greater 
value in maintenance activities. In this context, lean 
maintenance focuses on minimizing common wastes 
such as downtime, excess inventory, and rework, and 
promotes structured criteria and standardized pro-
cedures to support more reliable equipment perfor-
mance. By systematically identifying and eliminating 
these wastes, maintenance teams can improve asset 
availability and strengthen overall machine reliability.

2.3 Conceptual Integration of Lean 
Maintenance and Industry 4.0

Building on the technological capabilities of In-
dustry 4.0 and the efficiency-driven mindset of Lean 
Maintenance, this convergence creates a synergistic 
effect. Lean 4.0 and Lean Maintenance 4.0 emerge 
as approaches focused on systematic waste elimina-
tion, supported by real-time data and intelligent auto-
mation. This integration enhances decision-making, 
improves asset reliability, and promotes efficient and 
continuously improving maintenance systems [12], 
[17], [20].

	The application of Lean Manufacturing to main-
tenance activities reflects Lean 4.0 principles, where 
waste reduction is supported by data-driven practices. 
In the context of Industry 4.0, maintenance evolves 
from reactive to more structured and performance-ori-
ented approaches. This alignment improves mainte-
nance effectiveness and equipment reliability [9], [21].

	Integrating Lean principles with Industry 4.0 tech-
nologies enhances maintenance management by en-
abling data-driven decision-making and continuous 
improvement. This synergy improves the monitor-
ing, planning, and execution of maintenance activi-
ties, contributing to higher operational performance 
and sustainability in industrial systems [9], [12], [22].

2.4 Quality Management Tools

To operationalize this conceptual integration 
in practical industrial settings, traditional Quality 
Management tools are employed to bridge the gap 
between data acquisition and continuous improve-
ment. According to Feitosa et al. [23], within Quality 
Control Circles (QCCs) the PDCA cycle (Plan–Do–
Check–Act) functions as more than a problem-solv-
ing framework: it provides a data-driven, repeatable 
structure that guides teams through planning actions, 
testing solutions on a small scale, evaluating out-
comes, and then standardizing or refining changes 
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— thus embedding continuous improvement and or-
ganizational learning into daily practices.

	Moso and Olanrewaju [24] described Five Whys 
as a core lean technique applied after identifying the 
type of waste, where it “assists in finding the reason 
for the problem occurrence” by repeatedly probing 
why the issue emerged, thereby deepening the root 
cause analysis prior to further categorization with 
Ishikawa analysis.

	Brainstorming is a technique for fostering group 
creativity where ideas and thoughts are spontane-
ously shared among members to reach solutions for 
practical problems, making these sessions particular-
ly appropriate for increasing productivity in learning-
specific situations [25].

	Alarcón et al. [26] stated that the Ishikawa diagram 
serves to identify the potential factors responsible for 
variability in the main components of the products, 
organizing these causes into major categories such as 
Methods, Environment, Facilities, Materials, Staff, 
and Measurement, thereby supporting a structured 
and comprehensive root-cause analysis.

	Total Productive Maintenance (TPM) is a compre-
hensive strategy aimed at boosting overall industrial 
productivity and equipment reliability by establishing 
the principle that responsibility for equipment care is 
shared collaboratively among all employees, including 
both operators and dedicated maintenance staff [27].

3. Research Method

This study was conducted in a continuous gal-
vanizing line of a Brazilian steel manufacturer. The 
methodological approach was designed to analyse 

the causes of downtime associated with the welding 
machine responsible for joining coils at the entry sec-
tion of the line, and to propose improvements sup-
ported by Lean Maintenance 4.0 concepts. 

The research is applied in nature and has de-
scriptive and exploratory objectives. A quantitative 
approach was used to examine empirical data, while 
qualitative techniques such as literature review and 
contextual document understanding were also em-
ployed. 	This study adopts an action-research meth-
odology, which, according to [28], is particularly 
suitable for operational studies because it allows 
the researcher to simultaneously investigate and in-
tervene in real operational settings. This approach 
fosters collaborative problem-solving and practical 
improvements. It involves participants in identifying 
problems, developing solutions, and implementing 
improvement actions.

In this study, improvement actions were devel-
oped and implemented with active researcher in-
volvement, ensuring that theoretical insights were 
directly integrated with practical interventions. The 
research followed sequential stages aligned with the 
action-research cycle [28], as presented in Table 1.

From a Lean 4.0 perspective, preventing high 
operational costs requires structured strategies for 
technology adoption. Effective asset management in-
tegrates Industry 4.0 technologies with maintenance 
practices to improve performance indicators such as 
availability, reliability, and serviceability, supporting 
more assertive and transparent managerial decisions 
[29].

The problem was structured according to a nine-
step action-research cycle to integrate Lean 4.0-re-
lated tools:

Action research cycle Stage Description Step Aim

Plan

1 Definition of the research theme State the topic and its operational relevance.

2 Bibliographic survey Select key studies related to maintenance, steel 
industry, Lean, and Industry 4.0

3 Data collection Gather process data for diagnostic purposes.

4 Data analysis Identify root causes affecting performance.

5 Action plan Propose improvement actions based on the 
findings.

Act 6 Implement of actions Apply the interventions in the operational 
setting.

Describe 7 Evaluate of results Assess the impact of the implemented actions.

Evaluate
8 Standardization Formalize the improved procedures.

9 Results Validation and Synthesis Summarize the research-action cycle and 
outcomes.

Table 1. Action-research cycle
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The first step identified the research problem, 
associated with production line downtime resulting 
from corrective maintenance in the welding machine, 
a factor recognized as the central issue.

The second step comprised a bibliographic review 
using the Scopus database, selected for its compre-
hensive coverage of engineering studies, to align the 
research with the theoretical pillars of Lean 4.0 [1].

The third step involved collecting five years of 
maintenance data (2020-2024) from the SAP system, 
including downtime records, failure types, mainte-
nance interventions, and equipment history. The 
brainstorming session and subsequent focus group 
involved a purposive sample of 12 professionals, 
including 4 maintenance engineers, 3 production 
supervisors, and 5 senior operators, all with over 10 
years of experience in the galvanizing line to formu-
late initial hypotheses on downtime causes [25].

The fourth step focused on analysing the collected 
data by classifying the causes identified during brain-
storming within an Ishikawa diagram to map the vari-
ables affecting the welding machine's performance. 
A focus group methodology supported this process, 
facilitating collaborative discussions to ensure that the 
identified solutions were aligned with Lean 4.0 prin-
ciples [12]. To objectively prioritise the root causes, 
a structured impact–frequency evaluation matrix was 
applied during the focus group sessions. The 12 ex-
perts scored each brainstormed cause from 1 (low) 
to 5 (high) according to two dimensions: occurrence 
frequency in SAP historical maintenance records and 
potential operational impact on downtime. Causes 
achieving a combined mean score equal to or greater 
than the predefined threshold of 4.0 were selected by 
consensus as critical factors and highlighted in red in 
the Ishikawa diagram.

The fifth step consisted of developing an action 
plan using the 5W1H method to mitigate corrective 
maintenance based on the key factors selected from 
the Ishikawa diagram.

The sixth step involved the implementation of the 
actions defined in the plan.

The seventh step consisted of the evaluation of the 
results through an analysis of operational data to iden-
tify trends in downtime and production losses, as well 
as the overall effectiveness of the improvement actions.

The eighth step addressed the standardization 
of the improved processes, carried out through the 
Floor Management Development System (FMDS) 
to ensure visual management and routine adherence 
on the shop floor. In cases of complex failures, the 
engineering department is systematically involved, 
utilizing the PDCA cycle as a structured framework 
to analyse deviations, implement corrective actions, 
and establish standards to prevent recurrence [22].

The ninth step presented the results validation and 
synthesis. The outcomes were validated through a 
comparative analysis of the baseline period versus the 
post-intervention period, and findings were presented 
to the plant’s technical board for formal approval. 
This stage highlights how the synergy between Lean 
production and Industry 4.0 technologies supports 
maintenance managers, demonstrating how data-driv-
en decision-making and real-time monitoring enable 
more effective maintenance management policies, 
moving from reactive to proactive strategies [30].

To improve the clarity of the methodological se-
quence, a visual representation of the action-research 
cycle was developed according to Figure 1, illustrat-
ing the nine stages organized into four macro-phases 
(Plan, Act, Describe, and Evaluate) and the tools ap-
plied in each step.

Figure 1. Action-research cycle. Authors own work
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4. Results 

This section presents the results following the ac-
tion-research cycle, structured into four main stages: 
(i) problem identification and data analysis, (ii) de-
velopment of the action plan, (iii) implementation of 
improvement actions, and (iv) evaluation and stan-
dardization of results. This structure is intended to 
improve clarity and guide the reader through the se-
quence of the applied methodology.

4.1 Plan

4.1.1 Definition of the research theme

Analysis of data extracted from the SAP system, 
the company’s management software, revealed that 
the production line has accumulated five years of 
downtime associated with the corrective maintenance 
index of the galvanizing line, as shown in Figure 2. 
This scenario highlights the need for an empirical 
investigation to improve maintenance management 
and operational performance. Furthermore, a Pow-
er BI analysis identified the welding machine as the 
equipment with the highest unavailability rate within 
the production line.

4.1.2 Bibliographic survey

The main terms of this research were selected 
from the Scopus database for the period 2020–2025. 
The inclusion criteria restricted the search to articles 
and reviews written in English. The results were sum-
marized using the following search combinations: 
"Maintenance" AND "Lean" AND "Steel Industry" 
(8); "Lean" AND "Industry 4.0" AND "Steel Industry" 
(8); "Maintenance" AND "Industry 4.0" AND "Steel 
Industry" (43); "Maintenance" AND "Lean" AND "In-
dustry 4.0" (66), totalizing 125 scientific articles. Sub-
sequently, the 50 most relevant articles to the subject 
were selected.

4.1.3 Data collection

Based on data collected from the welding ma-
chine, it was identified that over the last five years 
the production line has experienced an average an-
nual downtime of 10.9 hours, corresponding to 654 
minutes per year due to corrective maintenance. Of 
this total, failures related to the welding disks account 
for 496 minutes, representing the most critical share 
of the downtime. Considering a production rate of 
53 tons per hour, this disc-related downtime results 
in an estimated annual production loss of approxi-
mately 438 tons. 

Figure 2. Production line’s downtime. Authors own work
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In financial terms, this loss corresponds to an es-
timated impact of about R$ 2,847,000.00 per year, 
based on a unit value of R$ 6,500.00 per ton. A more 
detailed analysis of the operational data subsequently 
identified the most frequent failure mode in the sys-
tem, namely a short circuit occurring between the 
welding disks, as shown in Figure 3.

To investigate the underlying causes, a brain-
storming procedure was conducted, as illustrated in 

Figure 4, in order to identify the key factors or vari-
ables that may lead to corrective maintenance events.

4.1.4 Data analysis

Operational problems are common in organiza-
tions, and managers must make accurate decisions to 
support continuous improvement. Due to the signifi-
cant production losses caused by corrective mainte-

Figure 4. Brainstorming. Authors own work

Figure 3. Welding machine downtime. Authors own work
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nance, the causes identified during the brainstorming 
stage were organized using an Ishikawa diagram. This 
tool provides a clear overview of the factors influenc-
ing the process and supports decision-making. The 
factors considered most impactful, based on expert 
consensus, supported by the frequency of occurrence 
observed in the historical maintenance data, are high-
lighted in red in Figure 5. This consensus-driven se-
lection was formalized through the impact–frequency 
ranking matrix, in which the identified causes were 
evaluated according to their occurrence frequency 
and operational impact on downtime. This process 
filtered out minor variables and isolated the major 
technical failures (e.g., stroke limit deviations, miss-
ing sensors, and outdated procedures) that statisti-
cally represented over 70% of the recorded welding 
line breakdown events.

4.1.5 Action Plan

Following the comprehensive analysis conducted 
using the Ishikawa diagram, a detailed action plan 
was developed and subsequently implemented to ad-
dress and significantly reduce the corrective mainte-
nance rate. This strategic plan is structured utilizing 
the 5W1H matrix framework while incorporating the 
principles of the 6M classification. Table 2 provides a 
detailed and organized overview of all the proposed 
and implemented actions.

4.1.6 Implement the actions

In line with the established action plan, the imple-
mented measures are summarized according to four 
categories: (i) Manpower, (ii) Machine, (iii) Method, 
and (iv) Measurement, improving the readability and 
organization of the results.

a) Man power
Cross-Shift Training – The company revised the 

disc-replacement procedure and provided specific 
training to designate one qualified employee per 
shift, ensuring that only trained personnel perform 
this task. Training was conducted by internal spe-
cialists, strengthening man–machine interaction and 
supporting continuous improvement. The adoption 
of TPM 4.0 principles enhanced operator autonomy 
and reduced response time for problem resolution, 
contributing to more effective lean maintenance 
planning.

	[22] argue that Industry 4.0 has revolutionized 
production through advanced data analytics, enabling 
TPM to strongly converge with I4.0 technologies 
within a Lean Production perspective. This com-
prehensive TPM 4.0 strategy enhances operational 
efficiency in manufacturing environments by empha-
sizing core pillars like autonomous maintenance and 
formalized training and education.

Figure 5. Ishikawa diagram. Authors own work
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b) Machine
Disk specifications – Design drawings were re-

viewed and suppliers were consulted to verify poten-
tial issues. The analysis confirmed compliance with 
technical specifications and no recent supplier chang-
es. Based on these findings, a supplier validation rou-
tine was established, requiring certified vendors only. 
This action improved process reliability and equip-
ment availability.

Adjust Stroke Limits - During the welding process, 
a short circuit occurred between the disks due to an 
excessive gap caused by insufficient pneumatic-cylin-
der stroke. Although the technical drawing specifies 
a closing stroke of 88.9 mm, the value measured on 
the shop floor was 86 mm. The cylinder was adjust-
ed through the rod eye to restore the correct stroke. 
These actions are aligned with TPM and Lean 4.0 
practices, ensuring process stability and preventing 
recurrence.

	Following the approach of [31], the integration of 
Industry 4.0 technologies with Lean 4.0 and TPM 
practices enables real-time monitoring and adjust-

ment of equipment. This approach supports verifica-
tion of component specifications, timely correction 
of deviations, and enhances process stability. As a re-
sult, operational reliability and equipment availability 
are significantly improved.

c) Method
Welding Shift Checklist - During a meeting, key 

points to be checked each shift were identified, and 
a checklist was created to record the main welding 
machine parameters for each shift, including welding 
current, voltage, electrode pressure, disk condition 
(wear and alignment), cylinder stroke, and cooling 
system performance. 

Update Disk Procedure - During a meeting with 
the equipment’s technical team, the points of the 
procedure with persistent issues were discussed, and 
certain parameters were reviewed. Among other ben-
efits, this initiative enabled Lean Maintenance man-
agement to contribute to the achievement of the es-
tablished objectives.

Standardize Cylinder Swap – Due to the cylinder 

What? Who? Where? Why? When? How?

Man power Cross-Shift 
Training

Maintenance 
and production 

department

On-site 
knowledge 

sharing

Enhance employees’ 
technical knowledge Continuous

By revising and 
standardizing the disc-
replacement procedure 

and providing cross-shift 
training led by internal 

specialists

Machine

Disk 
specifications

Area and 
Engineering 

staff

Engineering 
Department

Ensure compliance 
with technical 
specifications

08/2024
By consulting suppliers 

to verify compliance with 
specifications

Adjust Stroke 
Limits

Area and 
Engineering 

staff
On field

Ensure compliance 
with technical 
specifications

08/2024
By measuring the cylinder 
stroke and adjusting it via 

the rod eye

Method

Welding Shift 
Checklist

Maintenance 
and production 

department
On field Ensure process 

compliance 08/2024
Identify key points and 

record welding parameters 
each shift

Update Disk 
Procedure

Area and 
Engineering 

staff

Engineering 
Department

Improve procedure 
reliability 08/2024

Review procedure points 
and parameters with 

technical team

Standardize 
Cylinder Swap

Area and 
Engineering 

staff

Engineering 
Department

Prevent incorrect 
cylinder stroke 08/2024

Define replacement 
procedure with rod eye 

adjustment

Measurement

Lack of 
indicators

Area and 
Engineering 

staff

Production 
monitoring 
dashboard

Support decision-
making 08/2024

Implement decision-
support metrics decision-

making

Missing 
Condition 

Monitoring

Area and 
Engineering 

staff

Welding 
machine

Monitor parameters 
in real time and 

update indicators
08/2024

Trigger alerts when 
parameters exceed 
permitted ranges

Table 2. Action plan
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stroke failure described in Section 4.4.5, it is recom-
mended to establish a procedure for replacing the 
cylinder, including instructions for the correct adjust-
ment. The incorrect stroke occurred because new 
cylinders were installed without properly adjusting 
the rod eye.

	Smart sensors enabled real-time monitoring and 
early fault detection, supporting predictive mainte-
nance and reducing unplanned downtime [32].

d) Measurement
Lack of indicators – In accordance with TPM 4.0 

and Kaizen 4.0 principles, performance metrics were 
implemented to support managerial decision-making. 
These measures provided a more accurate and ob-
jective view of asset conditions, enhancing the quality 
and transparency of the decision-making process.

Missing Condition Monitoring – The implemen-
tation of a digital condition monitoring infrastructure, 
using transducers for welding current and voltage, 
ensured accurate data acquisition. Specifically, the 
continuous variables were monitored using a sam-
pling frequency ranging from 60 to 1200 Hz (10 to 
20 samples per cycle) to capture the RMS values 
within a time scale of 100 to 300 ms. The opera-
tional thresholds were rigorously defined as follows: 
the mechanical actuation performed by pneumatic 
cylinders targeted a vertical alignment of 0.00 mm; 
welding current was monitored within a 45–50 kA 
operational window; and voltage limits were estab-
lished between 8.5 V and 10.5 V, dynamically ad-
justed according to transformer closure and material 
characteristics.

	These sensors were integrated into a local Pro-
grammable Logic Controller (PLC), which transmit-
ted real-time process data to monitoring dashboards 
developed in Power BI. The dashboard displayed 
emergency stop occurrences, welding current and 
voltage trends, downtime duration, alarm history, 
and failure stratification by equipment and main-
tenance area, supporting predictive and corrective 
maintenance decision-making. This architecture en-
abled the generation of automated alerts sent directly 
to maintenance devices, allowing faster intervention 
by technical teams.

	For example, when the system detected electrical 
insulation leakage associated with pressure loss in the 
pneumatic cylinders, an automated alert was immedi-
ately transmitted to the maintenance technician before 
a short circuit could occur between the welding discs. 

	Integrating TPM 4.0 and Kaizen 4.0 principles, 
the sensor system enabled real-time updates of 
maintenance indicators and allowed immediate ac-

tion whenever parameters deviated from acceptable 
limits. As a result, on-site inspection rounds became 
leaner, since alerts were automatically issued to op-
erators.

	[30], highlight that implementing Lean 4.0 meth-
ods allows performance improvements, where de-
ploying indicators can reduce response times and 
operational workload, while also enhancing commu-
nication between employees and assets through im-
proved human–machine interaction.

4.1.7 Evaluate the results

Over the past five years, the production line re-
corded an average of 8.27 hours (496 minutes) of 
downtime per year associated with welding disk fail-
ures. After the implementation of the improvement 
actions, production time lost due to disc-related cor-
rective maintenance of the welding machine was re-
duced by 375 minutes per year, representing a reduc-
tion of approximately 6.25 hours. 

	Considering a production rate of 53 tons per 
hour, this improvement corresponds to a recovery 
of about 331 tons of production per year. Based on 
a unit value of R$ 6,500.00 per ton and an initial 
annual loss of approximately R$ 2,847,000.00, the 
implemented actions resulted in an estimated an-
nual financial gain of R$ 2,151,500.00, supporting 
the production line in meeting its targets. This per-
formance improvement was driven by a cultural shift 
in maintenance and production practices, supported 
by full employee engagement. Figure 6 illustrates the 
trend of production-time losses in minutes.

The implementation of TPM pillars, including 
autonomous maintenance, focused improvement, 
planned maintenance, quality maintenance, and em-
ployee training, proved essential for effective main-
tenance management. TPM empowered operators, 
reducing response times for troubleshooting, while 
the 5S methodology enhanced workplace organiza-
tion and standardization.

	TPM 4.0 was enabled through intelligent sensors 
that transmit equipment data via cloud computing for 
analysis using Big Data, allowing maintenance engi-
neers to simulate scenarios and optimize interven-
tion timing. The integration of Industry 4.0 and Lean 
Maintenance significantly decreased corrective main-
tenance, improved connectivity and process visibility, 
increased welding machine reliability, and enhanced 
production line efficiency. Overall, Lean 4.0 tools 
facilitated better decision-making, minimized down-
time, and supported leaner, more efficient mainte-
nance strategies.
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	Integrating sensors and data analytics enables pre-
dictive maintenance in Industry 4.0, allowing early 
fault detection and reducing reactive interventions. 
Real-time monitoring supports optimized planning 
and minimizes downtime. Combining Lean Main-
tenance with digital technologies enhances reliability 
and operational performance processes [10], [17], 
[33].

	Table 3 presents a summary of key performance 
indicators before and after the implementation of the 
improvement actions, highlighting the operational 
and financial impact of Lean 4.0.

4.1.8 Standardization

After the positive results, the procedures for disc 
replacement, the welding machine checklist, and 
employee training were standardized, improving op-

erational efficiency and reducing the likelihood of 
failures. This standardization followed the FMDS 
method, and complex failures are forwarded to the 
engineering department, which applies the PDCA 
cycle when necessary.

	With the Lean 4.0 implementation, employees 
will receive training through internal programs, and 
maintenance decisions will be guided by operational 
performance indicators to support appropriate man-
agement policies.

	Standardizing procedures, checklists, and training 
improves operational efficiency and supports proac-
tive maintenance decisions within an Industry 4.0 
framework. Real time performance indicators pro-
vide objective feedback for planning and execution, 
reducing failures and aligning maintenance actions 
with continuous improvement. Integrating digital 
KPIs with Lean 4.0 principles enhances both work-

Figure 6. Trend of production-time losses in minutes. Authors own work

KPI Before (Baseline) After (Lean 4.0) Improvement

Annual downtime 654 min/year 279 min/year ↓ 375 min/year

Disc downtime 496 min/year 121 min/year ↓ significant reduction

Downtime reduction — 375 min/year ↓ 57% (≈)

Production loss 438 ton/year — —

Recovered production — 331 ton/year +331 ton/year

Financial impact (loss) R$ 2,847,000/year — —

Financial gain — R$ 2,151,500/year +R$ 2,151,00 /year

Table 3. Key performance indicators
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force competence and overall maintenance perfor-
mance [12], [34].

	The implementation of the PDCA cycle ensured 
the prevention of recurrence. This phase demon-
strates that the integration of Lean 4.0 concepts into 
daily management (FMDS) is a primary contribution 
of this research. While traditional maintenance of-
ten lacks data continuity, this study shows that digital 
standardization acts as a catalyst for long-term reli-
ability in the steel industry [22]. This finding aligns 
with the research's originality: providing a replicable 
framework for maintenance management in complex 
industrial assets [32], [33] .

4.1.9 Results Validation and Synthesis 

The integration of Industry 4.0 technologies with 
Lean principles, known as Lean 4.0, enhanced equip-
ment availability and staff efficiency, reducing correc-
tive maintenance on the welding machine. TPM 4.0 
empowered employees by enabling faster responses 
to equipment failures through intelligent sensors that 
transmit monitored values to management software. 
Sensor implementation reduced the need for physi-
cal inspections, making them leaner and more effi-
cient. Management indicators now provide a clearer 
view of asset conditions, improving transparency and 
supporting decision-making through TPM and Kai-
zen 4.0 practices. Overall, Lean 4.0 boosted produc-
tion line efficiency, increased employee autonomy, 
and improved workplace organization using the 5S 
methodology.

This synthesis demonstrates that the integration of 
Industry 4.0 technologies with Lean and TPM prac-
tices enhances equipment availability, supports real 
time monitoring and decision making, and empow-
ers operators to improve maintenance performance 
and efficiency [9], [20], [29],[30], [32].

5. Discussion

5.1 Theoretical Implications

This research is part of an ongoing investigation 
into how Lean Systems and Industry 4.0 can be ap-
plied in the steel industry. Recent analyses indicate 
an increasing connection between these approaches, 
highlighting their potential to enhance industrial pro-
cesses. The study reinforces this interaction by show-
ing that Lean 4.0 provides a structured framework to 
integrate digital tools into maintenance management. 
These findings are consistent with previous studies 

[9], [12], which highlight the benefits of integrating 
Lean and Industry 4.0, prior research is often limited 
to conceptual or short-term analyses, whereas this 
study provides longitudinal empirical evidence in a 
real industrial environment.

	Combining TPM pillars with intelligent sensors 
and real-time data analytics enhances asset reliabil-
ity and reduces corrective maintenance. It contrib-
utes theoretically by explicitly demonstrating how 
Lean maintenance concepts can be operationalized 
through Industry 4.0 technologies within a struc-
tured, data-driven, and longitudinal framework. This 
extends the literature by showing how this integration 
can be systematically implemented and sustained 
over time in an industrial setting.

	Data-driven approaches support proactive deci-
sion-making and operational continuity, particularly 
in steel galvanizing processes. Unlike prior stud-
ies, the results demonstrate sustained performance 
improvements supported by real operational data. 
Overall, the results confirm the relevance of this in-
tegration for industrial modernization and efficien-
cy.

5.2 Practical Implications

The implementation of Lean 4.0 in the welding 
machine of a continuous galvanizing line demonstrat-
ed significant operational benefits. These included a 
reduction in downtime (average 6.25 hours per year), 
equivalent to 331 tons of production recovered an-
nually, and a financial gain of approximately R$2, 
151,500.00 per year. Operator empowerment and 
real-time monitoring via intelligent sensors enabled 
faster responses to equipment failures. Leaner in-
spection routines and standardized procedures en-
hanced process efficiency and reduced human error.

The integration of TPM 4.0 and Kaizen 4.0 pro-
moted continuous improvement and better planning 
of maintenance activities. 5S practices improved 
workspace organization and communication, con-
tributing to higher employee satisfaction.

Real-time data monitoring performance support-
ed proactive decision-making. Overall, combining 
Lean principles with Industry 4.0 tools effectively re-
duced unplanned downtime and increased produc-
tion performance. The approach can be transferred 
to similar industrial contexts, particularly in continu-
ous production systems, provided that there is avail-
ability of historical data, management support, and 
integration between maintenance teams and digital 
monitoring systems.
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5.3 Advantages and disadvantages of this 
study 

This research serves as a theoretical reference for 
organizations facing maintenance challenges and of-
fers solutions through Lean 4.0 implementation.

Advantages include a combined theoretical and 
empirical framework, use of five-year operational 
data from a steel galvanizing line, and measurable im-
provements in downtime, production, and financial 
performance. Disadvantages involve costs for adapt-
ing assets and training personnel. 

Limitations include focus on a single welding ma-
chine, which restricts external validity, requiring ongo-
ing management support to sustain cultural changes, 
and dependence on accurate sensor data and proper 
Industry 4.0 integration. Additionally, the absence of 
a control group limits the ability to isolate the effects 
of the intervention, and results may be influenced by 
contextual operational factors.

6. Conclusions 

The steel industry operates in a highly competi-
tive environment where effective maintenance is 
essential for quality, cost reduction, and asset opti-
mization. Lean 4.0, through the integration of Lean 
practices and Industry 4.0 technologies, enhances as-
set availability, reduces waste, and minimizes produc-
tion losses. 

This study demonstrated, through a five-year lon-
gitudinal analysis, that the application of Lean 4.0 
principles in a welding machine of a galvanizing line 
resulted in a reduction of 375 minutes per year in 
welding disk-related downtime, corresponding to ap-
proximately 331 tons of recovered production and an 
estimated financial gain of R$ 2,151,500.00 per year.

	These results provide robust empirical evidence 
that combining TPM practices, standardized proce-
dures, and real-time monitoring systems improves 
maintenance performance and equipment reliabil-
ity in industrial environments. Unlike prior studies, 
this research demonstrates sustained improvements 
based on longitudinal industrial data.

	From a theoretical perspective, it validates the 
integration of Lean maintenance and Industry 4.0 
within a data-driven and intervention-based frame-
work, while from a practical standpoint, it offers a 
replicable approach to reduce unplanned downtime 
and improve operational efficiency.

TPM pillars empowered operators, improved 
workplace organization via 5S, and real-time moni-

toring with intelligent sensors supported data-driven 
decisions and reduced downtime. Overall, the find-
ings confirm that Lean 4.0 is not only conceptually 
relevant but also operationally effective when system-
atically implemented and supported by real industrial 
data.

6.1 Limitations and Future Research

Although this study demonstrates significant op-
erational gains and efficiency improvements, it is lim-
ited to the analysis of a specific welding machine. Fu-
ture research could explore the application of Lean 
4.0 across multiple production lines, the integration 
of advanced predictive maintenance models, and the 
long-term impact on workforce skills, operational 
sustainability, and organizational culture, providing 
further insights into the scalability and strategic ben-
efits of this approach.

Acknowledgements

The authors gratefully acknowledge the support 
of the Escola de Engenharia Industrial Metalúrgica 
de Volta Redonda – UFF (Brazil).

Funding

This research did not receive any specific grant 
from funding agencies in the public, commercial, or 
not-for-profit sectors.      

References
[1]	 A. Rossini, M. Costa, G. Tortorella, D. A. Romero, and E. 

L. Portela Santos, “Lean 4.0: A systematic literature review 
on the interaction between lean production and Industry 
4.0 pillars,” J. Manuf. Technol. Manag., vol. 35, no. 4, pp. 
821-847, 2022, doi: 10.1108/JMTM-04-2022-0144.

[2]	 Y. Schoeman, P. Oberholster, and V. Somerset, “Value 
stream mapping as a supporting management tool to identify 
the flow of industrial waste: A case study,” Sustainability, 
vol. 13, no. 1, Art. no. 91, 2021, doi: 10.3390/su13010091.

[3]	 R. Kumar, D. Kumar, B. Ramtiyal, and S. Singh, “Assessing 
feasibility of design constraints for mills in planning and 
scheduling of cold rolling: A case of steel industry,” Int. J. 
Syst. Assur. Eng. Manag., vol. 15, pp. 1519–1535, 2024, 
doi: 10.1007/s13198-023-01982-5.

[4]	 W. Qin, Z. Zhuang, Y. Liu, and J. Xu, “Sustainable service 
oriented equipment maintenance management of steel 
enterprises using a two-stage optimization approach,” 
Robot. Comput.-Integr. Manuf., vol. 75, Art. no. 102311, 
2022, doi: 10.1016/j.rcim.2021.102311.

[5]	 N. M. M. Torre, V. A. P. Salomon, and F. A. S. Marins, 
“Maintenance strategy selection of hydraulic systems in the 
steel industry: A design science research approach,” Int. J. 



14 Matos et al.

International Journal of Industrial Engineering and Management

Anal. Hierarch. Process, vol. 17, no. 3, pp. 1-29, 2025, doi: 
10.13033/ijahp.v17i3.1304.

[6]	 Á. S. Álvarez-García, N. Álvarez-Gil, R. Rosillo, and D. de 
la Fuente, “An effective graph-analysis method to schedule 
a continuous galvanizing line with campaigning boundary 
constraints,” Comput. Ind. Eng., vol. 192, Art. no. 110206, 
2024, doi: 10.1016/j.cie.2024.110206.

[7]	 R. S. Diniz, N. M. D. M. Torre, and A. Bonamigo, “Lean 
Six Sigma 4.0 in an empirical application: A case of digital 
measurement for thickness deviation on a galvanizing line in 
a steel industry,” Int. J. Lean Six Sigma, vol. 16, no. 5, pp. 
1222-1251, 2025, doi: 10.1108/IJLSS-08-2024-0188.

[8]	 J. S. Choi, S. W. Choi, and E. B. Lee, “Modeling of 
predictive maintenance systems for laser-welders in 
continuous galvanizing lines based on machine learning 
with welder control data,” Sustainability, vol. 15, no. 9, Art. 
no. 7676, 2023, doi: 10.3390/su15097676.

[9]	 D. Mendes, P. D. Gaspar, F. Charrua-Santos, and H. Navas, 
“Synergies between lean and Industry 4.0 for enhanced 
maintenance management in sustainable operations: A 
model proposal,” Processes, vol. 11, no. 9, Art. no. 2691, 
2023, doi: 10.3390/pr11092691.

[10]	 L. Silvestri, A. Forcina, V. Introna, A. Santolamazza, and V. 
Cesarotti, “Maintenance transformation through Industry 
4.0 technologies: A systematic literature review,” Comput. 
Ind., vol. 123, Art. no. 103335, 2020, doi: 10.1016/j.
compind.2020.103335.

[11]	 O. Okwuobi et al., “A reliability-centered maintenance study 
for an individual section-forming machine,” Machines, vol. 
6, no. 4, Art. no. 50, 2018, doi: 10.3390/machines6040050.

[12]	 M. M. Hossain and G. Purdy, “Integration of Industry 
4.0 into lean production systems: A systematic literature 
review,” Manuf. Lett., vol. 35, pp. 1347–1357, 2023, doi: 
10.1016/j.mfglet.2023.08.098.

[13]	 D. Sanchez-Londono, G. Barbieri, and L. Fumagalli, 
“Smart retrofitting in maintenance: A systematic literature 
review,” J. Intell. Manuf., vol. 34, no. 1, pp. 1–19, 2023, doi: 
10.1007/s10845-022-02002-2.

[14]	 J. Macias-Aguayo, L. Garcia-Castro, K. F. Barcia, D. 
McFarlane, and J. Abad-Morán, “Industry 4.0 and Lean 
Six Sigma integration: A systematic review of barriers and 
enablers,” Appl. Sci., vol. 12, no. 22, Art. no. 11321, 2022, 
doi: 10.3390/app122211321.

[15]	 O. Salunkhe and Å. F. Berglund, “Industry 4.0 enabling 
technologies for increasing operational flexibility in final 
assembly,” Int. J. Ind. Eng. Manag., vol. 13, no. 1, pp. 38–
48, 2022, doi: 10.24867/IJIEM-2022-1-299.

[16]	 N. M. M. Torre, N. Brandalise, and A. Bonamigo, 
“Economic feasibility analysis for insourcing hydraulic 
maintenance services using the Monte Carlo method,” Gest. 
Prod., vol. 30, Art. no. e1623, 2023, doi: 10.1590/1806-
9649-2023v30e1623.

[17]	 C. Cimini, A. Lagorio, D. Romero, P. Gaiardelli, and G. 
Tortorella, “On job profiles enlargement and enrichment 
when Lean and Industry 4.0 paradigms meet,” Int. J. 
Ind. Eng. Manag., vol. 15, no. 4, 2024, doi: 10.24867/
IJIEM-2024-4-367.

[18]	 A. Korchagin, Y. Deniskin, I. Pocebneva, and O. Vasilyeva, 
“Lean Maintenance 4.0: Implementation for aviation 
industry,” Transp. Res. Procedia, vol. 63, pp. 1521–1533, 
2022, doi: 10.1016/j.trpro.2022.06.164.

[19]	 M. S. Mahapatra and D. Shenoy, “Lean maintenance index: 
A measure of leanness in maintenance organizations,” J. 
Qual. Maint. Eng., vol. 28, no. 4, pp. 791–809, 2022, doi: 
10.1108/JQME-08-2020-0083.

[20]	 H. Rifqi, S. B. Souda, A. Zamma, and S. Kassami, “Lean 
Maintenance 4.0: An application of the IoT technology 
in the facility management industry,” Int. J. Adv. Trends 

Comput. Sci. Eng., vol. 9, no. 5, pp. 9064–9070, 2020, doi: 
10.30534/ijatcse/2020/311952020.

[21]	 K. Teplická and P. Staša, “Implementing Lean 
Manufacturing method to achieve an effective maintenance 
system in the mining company,” Acta Montan. Slovaca, vol. 
29, no. 1, pp. 155–166, 2024, doi: 10.46544/AMS.v29i1.14.

[22]	 L. Lucantoni, S. Antomarioni, F. E. Ciarapica, and M. 
Bevilacqua, “A data-driven framework for supporting 
the total productive maintenance strategy,” Expert Syst. 
Appl., vol. 268, Art. no. 126283, Apr. 2025, doi: 10.1016/j.
eswa.2024.126283.

[23]	 A. B. S. D. Lima, C. E. T. Becerra, A. D. Feitosa, A. P. G. 
D. Albuquerque, F. J. C. D. Melo, and D. D. D. Medeiros, 
“Effective practices for implementing quality control circles 
aligned with ISO quality standards: Insights from employees 
and managers in the food industry,” Standards, vol. 5, no. 1, 
Art. no. 6, 2025, doi: 10.3390/standards5010006.

[24]	 M. Moso and O. A. Olanrewaju, “An application of lean 
techniques to construct an integrated management systems 
preventive action model and evaluation: Kaizen projects,” 
Processes, vol. 12, no. 6, Art. no. 1069, 2024, doi: 10.3390/
pr12061069.

[25]	 H. Al-Samarraie and S. Hurmuzan, “A review of 
brainstorming techniques in higher education,” Think. 
Skills Creat., vol. 27, pp. 78–91, 2018, doi: 10.1016/j.
tsc.2017.12.002.

[26]	 F. J. Alarcón, M. Calero, M. Á. Martín-Lara, and S. Pérez-
Huertas, “An integrated Lean and Six Sigma framework 
for improving productivity performance: A case study in a 
Spanish chemicals manufacturer,” Appl. Sci., vol. 14, no. 
23, Art. no. 10894, 2024, doi: 10.3390/app142310894.

[27]	 N. Shannon, A. Trubetskaya, J. Iqbal, and O. McDermott, 
“A total productive maintenance & reliability framework for 
an active pharmaceutical ingredient plant utilising design for 
Lean Six Sigma,” Heliyon, vol. 9, no. 10, Art. no. e19973, 
Oct. 2023, doi: 10.1016/j.heliyon.2023.e19973.

[28]	 P. Coughlan and D. Coghlan, “Action research for operations 
management,” Int. J. Oper. Prod. Manag., vol. 22, no. 2, 
pp. 220–240, 2002, doi: 10.1108/01443570210417515.

[29]	 G. L. Tortorella, F. S. Fogliatto, P. A. Cauchick-Miguel, 
S. Kurnia, and D. Jurburg, “Integration of Industry 4.0 
technologies into total productive maintenance practices,” 
Int. J. Prod. Econ., vol. 240, Art. no. 108224, 2021, doi: 
10.1016/j.ijpe.2021.108224.

[30]	 L. Naciri, Z. Mouhib, M. Gallab, M. Nali, R. Abbou, and 
A. Kebe, “Lean and Industry 4.0: A leading harmony,” 
Procedia Comput. Sci., vol. 200, pp. 394–406, 2022, doi: 
10.1016/j.procs.2022.01.238.

[31]	 A. G. Tashkinov, “The application of Industry 4.0 into the 
company’s production activities through effective decision-
making,” Sci. Rep., vol. 15, no. 1, Art. no. 34202, 2025, doi: 
10.1038/s41598-025-15688-0.

[32]	 J. Pech, J. Vrchota, and J. Bednář, “Predictive maintenance 
and intelligent sensors in smart factory: Review,” Sensors, 
vol. 21, no. 4, Art. no. 1470, 2021, doi: 10.3390/s21041470.

[33]	 T. Zonta, C. A. da Costa, R. da Rosa Righi, M. J. de Lima, 
E. S. da Trindade, and G. P. Li, “Predictive maintenance in 
the Industry 4.0: A systematic literature review,” Comput. 
Ind. Eng., vol. 150, Art. no. 106889, 2020, doi: 10.1016/j.
cie.2020.106889.

[34]	 J. S. Chen, S. Blachowski, R. Błażej, and R. Zimroz, 
“Using Industry 4.0 to face the challenges of predictive 
maintenance: A key performance indicators development 
in a cyber physical system,” Comput. Ind. Eng., vol. 171, 
Art. no. 108400, 2022, doi: 10.1016/j.cie.2022.108400.


