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Abstract

This study presents a data-driven framework that integrates lean management and digital
business process modelling to enhance sustainability in textile manufacturing. Conducted
in a company producing industrial safety textiles from Peru, this research applies lean
tools within a digital BPM structure supported by real-time data tracking. The integrated
approach led to increased production efficiency (from 79% to 86%), reduced setup times,
and improved operational agility. The digital infrastructure empowered operators and
supported informed decision-making. This work contributes to Industrial Engineering,
Business Administration, and MIS by offering a holistic model that bridges lean principles
with Industry 4.0 technologies. The findings, though context-specific, provide actionable
insights for manufacturers aiming for smart and sustainable operations. Future research
should validate the proposed framework across diverse industrial contexts and assess its
longitudinal impact on lean performance outcomes.

Keywords: data-driven lean management; re-business process modelling; digitalization in
manufacturing; sustainable production systems; Industry 4.0 integration

1. Introduction
The global textile industry is undergoing a profound transformation, driven by shift-

ing consumer expectations, intensifying international competition, and the progressive
adoption of Industry 4.0 technologies. Increasing demands for speed, customization, and
sustainability are challenging traditional production models, particularly in labor-intensive
sectors such as apparel manufacturing. Although emerging technologies—including the
Internet of Things (IoT), cyber–physical systems, and blockchains—hold promise for en-
hancing operational performance, their adoption in the textile sector remains fragmented
and limited in scope [1].

In Peru, small and medium-sized textile enterprises (SMEs) continue to face persistent
challenges such as outdated machinery, inefficient workflows, and minimal digital integra-
tion, which hinder productivity and global competitiveness [2]. While pilot implementa-
tions of lean tools like 5S and standardized work have shown localized improvements [3],
more comprehensive interventions have demonstrated greater potential. For example, a
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recent study integrating lean–green methodologies reported a 120% increase in produc-
tivity, alongside significant reductions in water and electricity consumption in a textile
dyeing facility [4]. However, such initiatives often lack systemic integration with digital
technologies, highlighting the need for a cohesive framework that aligns lean practices,
sustainability principles, and Industry 4.0 capabilities tailored to the operational realities of
Peruvian textile SMEs.

Recent scholarship on Lean 4.0 emphasizes the importance of integrating traditional
process improvement tools with digital enablers to support data-driven decision-making,
real-time responsiveness, and continuous improvement [5,6]. Similarly, the evolution of
Business Process Management (BPM) into digital BPM frameworks has introduced new pos-
sibilities for operational transparency, traceability, and agility—particularly when combined
with sensor-based monitoring and IoT applications [1]. In parallel, sustainability-driven
manufacturing models increasingly advocate for the operationalization of environmental
and social goals beyond compliance, embedding them into core production processes
through design optimization, resource efficiency, and closed-loop systems [4].

Sustainability in this context should be understood beyond waste reduction and
ergonomics, encompassing broader environmental, economic, and social dimensions. These
include energy efficiency, resource optimization, cost-effectiveness, and improved working
conditions, all of which are increasingly critical for long-term competitiveness and resilience
in emerging markets.

To address this gap, the present study proposes an integrated strategy that combines
lean management tools—specifically Single-Minute Exchange of Dies (SMED), Systematic
Layout Planning (SLP), and standardized work—with real-time sensor systems, embedded
within a sustainability-oriented Industry 4.0 framework. These tools were selected due to
their direct applicability to short-cycle textile production environments, where setup time,
spatial efficiency, and workflow standardization are critical. Tools such as Six Sigma were
excluded due to their statistical complexity and longer implementation cycles, which were
not feasible within the scope of this case study.

The central research question guiding this investigation is as follows:
How can the combined implementation of SMED, SLP, standardized work, and real-

time sensor systems improve efficiency and environmental outcomes in small-scale t
extile production?

This question is supported by sub-questions related to operational responsiveness, dig-
ital integration, and sustainability performance, which are addressed holistically through
the proposed framework. Empirical evidence suggests that sensor-supported SMED can
reduce setup times by approximately 30% and significantly enhance responsiveness [7].
A growing body of literature emphasizes the importance of unified Lean–Industry 4.0
frameworks to enable data-driven continuous improvement [5]. Moreover, the integration
of design optimization with IoT and standardized workflows has been shown to reduce
material waste and energy consumption. Recent studies on Lean 4.0 highlight the benefits
of sensor-optimized lean tools in manufacturing environments [6].

This study adopts a case study methodology focused on a Peruvian textile SME
characterized by persistent inefficiencies, low digital maturity, and high customization
demands. The proposed framework aims to offer a scalable and replicable model that
enhances competitiveness while supporting sustainable production practices in emerging
market contexts. This research builds upon a full conference paper previously presented at
a scientific event and incorporates feedback received during the presentation [8].

This paper is structured into five main sections: Literature Background, Methodology,
Findings, Discussion, and Conclusions. The Literature Background (Section 2) reviews
existing scholarship on lean management, Industry 4.0 technologies, and digital transfor-
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mation in textile SMEs, identifying key gaps and theoretical foundations. The Methodology
(Section 3) outlines the case study design, data collection techniques, and analytical proce-
dures used to evaluate the framework. The Findings (Section 4) present empirical results
related to operational efficiency, environmental performance, and digital integration. The
Discussion (Section 5) interprets these results considering existing literature, assesses
practical implications, and evaluates the scalability of the framework. Finally, the Conclu-
sions (Section 6) summarize the study’s contributions, outlines limitations, and suggests
directions for future research in sustainable and digitally enabled textile manufacturing.

2. Literature Background
2.1. Digitalization in Manufacturing and Supply Chain

In this section, we handled digital transformation tool applications in supply chain
and operation management. This entailed a bibliometric analysis of AI and IoT integration
on supply chain and operation management to benefit the analysis of the general picture
of technology preferences in digital supply chain management and smart manufactur-
ing [9]. According to this study, in the analysis results of the clustering topic analysis,
seven different topics are AI and machine learning, the agri-food supply chain, cold chain
logistics, smart grid and energy management systems, supply chain performance, water
distribution systems, and smart manufacturing. Supply chain performance and smart
production are very related with this study’s focus. This topic highlights the essential
role of IoT, cloud computing, and advanced technologies in transforming supply chain
management and risk assessment, ultimately driving improvements in efficiency, security,
and competitiveness across these vital areas. Moreover, bibliometric and topic modeling
analyses identify key technologies—such as the industrial Internet of Things, digital twins,
cloud manufacturing, and big data analytics—as central themes in smart manufacturing
research [10,11]. Supervised learning remains the primary approach for addressing a wide
array of supply chain problems. Nonetheless, unsupervised, reinforcement, and hybrid
algorithms are also successfully utilized to solve other significant supply chain issues, pro-
viding alternative pathways for process optimization. Similarly, key technologies utilized
in the digitalization of supply chains include artificial intelligence, blockchain technology,
supply chain management systems, Industry 4.0 solutions, and logistics platforms [12–16].
Therefore, clustering algorithms like k-means and dimensionality reduction techniques
such as principal component analysis (PCA) are commonly employed when there are no
labeled data, particularly for grouping observations or simplifying complex data sets. These
approaches are especially advantageous in applications like customer segmentation [17,18].
Artificial Neural Networks (ANNs) and grading boosting are very useful analytics meth-
ods for predicting demand forecasting in business organizations, which helps inventory
management and supply chain planning. Thus, organizations can make informed planning
decisions, pricing dynamically, and maintain optimal inventory level management [17]
Unforeseen disruptions in supply chain risk prediction are able to be predicted by us-
ing supervised machine learning techniques, which are convolutional neural networks,
(CNNs) and reinforcement learning (RL). These models ensure billions of data points can
be processed in the steps of receiving IoT sensors, enabling real-time decision-making and
proactive risk mitigation [19]. Additionally, the combination of fuzzy logic and ML enables
dynamic supply chain configuration, which may be more flexible and lead to more accurate
decisions in organizations [20].

Finally, it is understood that firms’ adoption of AI algorithms in their supply chain
and operation management is very critical for those that struggle with huge amounts of
data in their business processes and managing, because it gives strategical advances to gain
operation excellence, which provides capabilities for dynamic demand forecasting, dynamic
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pricing, cyber-attack defending, and streamlined tasks. In other words, AI algorithms help
business process operational excellence in organizations. Because they enable easy solutions
and usability, supervised and unsupervised algorithmic analytic models with small budgets
can, on day one, facilitate agility in SMEs for being an effective player in the marketplace
due to excellence in inventory and supply chain management.

From a lean management perspective, digital transformation acts as a strategic enabler
that enhances both operational efficiency and sustainability in manufacturing and supply
chain contexts. Theoretically, digital technologies such as the IoT, AI, and cloud-based
analytics extend lean principles by enabling real-time visibility, predictive control, and
adaptive resource allocation—thus transforming static process optimization into dynamic,
data-driven continuous improvement. Practically, these technologies support the reduction
of waste, energy consumption, and material inefficiencies, while improving responsiveness
and traceability across supply networks. This integration allows organizations to embed
sustainability not only through efficiency gains but also via circular resource flows, proac-
tive risk mitigation, and resilient supply chain design, aligning lean operational excellence
with long-term environmental and strategic goals.

2.2. Lean Management in Textile Sector

The textile industry operates within a highly competitive landscape, compelling
firms to consistently integrate innovative strategies to refine their operations. Among
these, lean manufacturing has garnered substantial attention for its capacity to boost
both productivity and operational efficiency across diverse sectors, including textiles. In
empirical research, which applied lean manufacturing principles, there was reported a
44% surge in productivity by utilizing tools such as 5S and Poka-Yoke. Furthermore,
this approach led to a 75% decline in idle time within the organization [21]. In a similar
vein, other research introduced a suite of lean instruments—including 5S, Kaizen, Poka-
Yoke, Kanban, and Andon—across various divisions of an Indian apparel enterprise [22].
Their implementation yielded an 8% rise in productivity, attributed to shortened process
cycles, minimized material waste, and enhanced product quality. Comparable outcomes
were observed in a Slovakian study focusing exclusively on the Poka-Yoke technique [23],
which demonstrated improvements in operational efficiency, market competitiveness,
customer satisfaction, and workforce morale. Collectively, these investigations underscore
the effectiveness of deploying either a comprehensive set of lean tools or the targeted use
of Poka-Yoke in fostering systematic organization and mitigating errors throughout all
organizational units.

The academic literature presents a range of investigations into the application of lean
management techniques to enhance productivity and operational efficiency within textile
enterprises. These studies often concentrate on distinct operational challenges. For instance,
one study examined delays in the delivery of protective clothing orders, which adversely
affect the company’s productivity levels [24]. Their research employs a comprehensive
set of lean manufacturing tools, utilizing Value Stream Mapping (VSM) for diagnostic
purposes and integrating 5S, SMED, Poka-Yoke, and Kanban to streamline operations. The
study centers on reconfiguring the company’s business process model, ultimately achieving
a 10% reduction in delivery time and a 50.37% improvement in the sewing department’s
production efficiency. These outcomes suggest that re-engineering business processes
through lean practices can significantly enhance customer satisfaction.

A parallel study also targeted delivery time optimization. They apply VSM to identify
inefficiencies and time-related losses within assembly operations and broader business
workflows [25]. The primary objective is to detect and eliminate Non-Value-Added Ac-
tivities (NVAs) that hinder time efficiency. As a result of this intervention, setup time
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was reduced by approximately 180 min, and process time by around 98 min, leading to
a notable decrease in total production time and a corresponding rise in efficiency [25].
These findings reinforce the premise that lean manufacturing seeks to minimize costs and
maximize throughput by removing wasteful practices. Moreover, the study highlights
that lean management not only contributes to improved time efficiency and customer
satisfaction but also supports firms in achieving financial objectives related to revenue
growth and profitability.

Complementing these findings, a series of empirical studies conducted in Peru pro-
vide further evidence of lean manufacturing’s effectiveness in micro and small enterprises
(MSEs) and other industrial sectors. For example, Tejada et al., implemented a data-driven
lean framework in a Peruvian textile MSE, integrating 5S, TPM, and digital analytics to
address a significant productivity gap [26]. Their pilot project led to a measurable increase
in productivity and demonstrated the value of combining lean tools with digital trans-
formation to optimize operations. Similarly, Matias et al., applied SMED, SLP, and work
standardization in the production of industrial safety vests, achieving reductions in setup
time and defective output while promoting sustainability and Industry 4.0 principles [8].

Beyond the textile sector, Guerra et al., explored lean and circular economy practices
in spinach production, showing how TPM, FIFO, and process standardization—enhanced
by digital tools—can improve sustainability and operational efficiency in agro-industrial
supply chains [27]. Then, Calderon et al. examined the use of OEEM within a green–lean
framework in plastic manufacturing, identifying barriers to adoption and demonstrating
how strategic implementation of lean tools can enhance machine performance and reduce
setup times [28]. In the food industry, Castañeda et al. applied TPM, SMED, and Reliability-
Centered Maintenance (RCM) methodologies to address inefficiencies caused by frequent
equipment failures. The proposed model improved MTBF, MTTR, and OEE indicators,
resulting in increased productivity and reduced operational costs [29].

These cross-sectoral insights reinforce the versatility of lean methodologies and their
adaptability to diverse industrial contexts. They also highlight the growing importance of
integrating digital technologies and sustainability principles into lean frameworks to meet
contemporary operational and environmental challenges.

Research has underscored the comparatively low productivity levels of textile-sector
SMEs in Latin America compared to other industries. In response, they carried out a study
aimed at enhancing operational consistency and minimizing inefficiencies by implementing
5S and Standard Work methodologies within Peruvian textile SMEs [30]. The proposed
framework seeks to formalize existing procedures and design an optimized workflow,
thereby enabling productivity gains through the structured deployment of lean tools. In a
similar context, Barrientos-Ramos et al. explored productivity enhancement in a Peruvian
textile SME through the application of lean management techniques [31]. Their research em-
phasized the integration of workforce coordination, work methods, and production cycles
to reduce waste and elevate efficiency. The study simulated three distinct scenarios involv-
ing various lean tools, ultimately demonstrating improvements such as increased sales,
a 4% decline in defective output, and a 2% reduction in equipment malfunctions. These
findings suggest that the company can pursue sustainable, growth-oriented operations
aligned with continuous improvement principles, while also boosting customer satisfaction
and ensuring timely delivery of high-quality products through enhanced team perfor-
mance. Moreover, this case study offers a practical reference for textile SMEs seeking to
align their internal culture with agile manufacturing standards. Thus, the research not only
highlights the positive influence of lean tools on production efficiency, standardization, and
delivery reliability, but also emphasizes their role in shaping organizational culture. These
insights are particularly valuable as they illustrate how the systematic application of lean
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methodologies can address operational shortcomings while contributing to the strategic
redesign of workflows—ultimately fostering sustainable productivity improvements and
reinforcing long-term competitiveness. Based on the empirical outcomes of these studies,
lean manufacturing practices have proven effective in reducing defect rates, underscoring
cost reduction and waste elimination as key advantages of lean implementation.

A critical factor in advancing both productivity and sustainability within textile manu-
facturing lies in the ergonomic configuration of machinery across production environments.
It can be argued that a layout prioritizing human-centered design and operational efficiency
is essential for manufacturing success. Ergonomically refined production systems not only
mitigate operational errors and time-related inefficiencies but also contribute to higher
output levels. In this regard, it offered valuable contributions. By applying the SiSMED
technique, the authors achieved an ergonomic restructuring of machinery within a pro-
duction setting. They further employed the Interval-Valued Pythagorean Fuzzy Analytic
Hierarchy Process (IVPF-AHP) alongside the Fuzzy Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) to assess the outcomes. Their results revealed a 58%
reduction in machine setup time and a 19% enhancement in ergonomic conditions [32].

A related study utilized the Spaghetti Diagram within a lean management framework
to optimize business processes through ergonomic improvements in the Hybrid Manu-
facturing and Machine Building Industry (HMMBI) [33]. By identifying and resolving
bottlenecks, the study achieved reductions in both operational and idle times, culminating
in an 8.6% increase in process cycle efficiency. Similarly, it also focused on boosting pro-
ductivity by redesigning business models through the elimination of non-value-adding
activities using lean methodologies. Employing tools such as Value Stream Mapping
and the Spaghetti Diagram, the researchers identified inefficiencies and losses in various
workflow stages. Their intervention led to measurable improvements in production time,
process duration, and the handling of raw, semi-finished, and finished materials, resulting
in a 25.59% increase in overall process cycle efficiency [34].

These findings collectively demonstrate that lean-based reconfiguration of business
processes positively influences productivity and waste reduction, thereby supporting sus-
tainable operations. Within the textile manufacturing domain, numerous recent studies
have adopted lean strategies to restructure business models with the dual aim of enhancing
efficiency and minimizing waste [35–41]. For instance, it showed the effectiveness of Value
Stream Mapping (VSM), SMED, and standardized work practices in optimizing fabric-
cutting operations, leading to reduced rework, fewer delays, and notable productivity
gains [35]. It also emphasized the benefits of integrating Overall Equipment Effectiveness
(OEE) with Total Productive Maintenance (TPM) and Six Sigma, which significantly im-
proved production efficiency by addressing material and accessory availability issues [36].
Moreover, Afum et al. (2024) examined the combined application of lean practices (LPs)
and Quick Response Manufacturing (QRM) in Ghana’s textile sector during the COVID-19
pandemic, revealing that QRM played a mediating role in enhancing both internal op-
erations and customer satisfaction [37]. In the context of yarn production, it adopted a
system dynamics model to implement 5S strategies, resulting in increased throughput and
reductions in work-in-progress, processing time, and waste [38]. Additionally, it applied
VSM to identify non-value-adding steps in the preparatory phase of textile production,
achieving improvements in cycle time, lead time, and process transparency [23]. Finally,
Tejada et al. (2025) proposed a data-driven lean manufacturing framework incorporating
5S, Total Productive Maintenance (TPM), digitalization, and advanced analytics, which—
when piloted in a Peruvian textile micro-enterprise—led to a measurable productivity
increase and demonstrated the effectiveness of integrating lean tools with data intelligence
to address operational inefficiencies [39].
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Taking together, these studies highlight the transformative capacity of lean methodolo-
gies in re-engineering business models to foster productivity, sustainability, and long-term
competitiveness in textile manufacturing.

Recent scholarly work has increasingly focused on advancing sustainability within
the textile industry by harnessing data-driven insights made possible through digital
transformation and Industry 4.0 technologies. These studies adopt lean management
principles to enhance productivity and minimize inefficiencies, thereby promoting more
sustainable manufacturing systems [42–44]. In this context, an empirical study was con-
ducted, identifying key enablers for successful Industry 4.0 implementation in Indian
manufacturing sectors, including textiles, highlighting the pivotal roles of organizational
commitment, employee preparedness, technological readiness, and effective data utiliza-
tion [42]. Complementarily, another study also explored the dual transition—digital and
sustainable—among textile firms in Italy’s Prato region, demonstrating that the integration
of Industry 4.0 tools with lean methodologies significantly supports both environmental
sustainability and innovation in business models [43]. Additionally, Azzolini Junior et al.
(2025) introduced a simulation-based decision-support system that merges lean practices
with optimization techniques, yielding tangible improvements in operational performance
and throughput within a textile packaging environment [44].

To contextualize the innovative contribution of this study, a comparative analysis of
recent scholarly work on lean manufacturing and digital transformation in textile produc-
tion is presented in Table 1. The table synthesizes key studies that address similar thematic
areas, methodological approaches, and toolsets, enabling a clearer understanding of how
this research advances the field.

Table 1. Comparative overview of lean and digital transformation studies in textile manufacturing.

Study Topic Area Method Tools Used Sustainability
Dimension

Digital
Integration

Contribution
Difference

[9] Textile
Manufacturing Case Study 5S, Poka-Yoke Time Efficiency None

No BPM or
digital

infrastructure

[10] Textile
Manufacturing

Implementation
Analysis

5S, Kaizen,
Kanban, Andon Productivity None No digital

integration

[11] Textile
Manufacturing

Focused
Application Poka-Yoke Customer

Satisfaction None Single tool, no
systemic model

[12] Protective Textiles Case Study VSM, 5S, SMED,
Kanban Delivery Time Partial Limited BPM, no

IoT

[13] Assembly
Processes Process Analysis VSM Time Efficiency None

Lean tools
present, no digital

integration

[14] Peruvian Textile
SMEs

Process
Improvement

5S, Standard
Work

Operational
Consistency None

No digital
infrastructure or

BPM

[15] Peruvian Textile
SMEs Simulation Various Lean

Tools
Productivity,

Quality None No digital
integration

[16] Ergonomic
Production

Decision
Modelling

SiSMED,
IVPF-AHP,

TOPSIS

Ergonomic
Improvement Partial Digital decision

support, no BPM

[17] HMMBI Sector Spaghetti
Diagram Analysis

Ergonomic Lean
Tools

Process
Optimization None

Different sector,
no BPM

integration

[18] Textile
Manufacturing Process Redesign VSM, Spaghetti

Diagram

Time and
Material

Efficiency
None No digital

infrastructure

[19–24] Textile
Manufacturing Various VSM, SMED,

TPM, Six Sigma
Production and

Quality Partial No integrated
model
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Table 1. Cont.

Study Topic Area Method Tools Used Sustainability
Dimension

Digital
Integration

Contribution
Difference

[8,26,27] Textile
Manufacturing

Empirical and
Simulation

Lean + Industry
4.0

Digital
Sustainability High

Data-driven
focus, limited

BPM integration

This Study Peruvian Textile
SMEs Case Study

SMED, SLP,
Standard Work,

IoT

Environmental,
Economic,

Operational
High

Integrated Lean +
IoT + BPM +
Industry 4.0

The reviewed literature demonstrates a consistent emphasis on productivity enhance-
ment through lean tools such as 5S, Poka-Yoke, SMED, and Value Stream Mapping. While
these interventions have yielded measurable improvements in operational efficiency, waste
reduction, and delivery reliability, most studies remain limited in their integration of digital
technologies. For instance, several works focus solely on physical process optimization
without embedding real-time data systems or digital process modelling frameworks.

Moreover, sustainability is often addressed narrowly—primarily through ergonomic
improvements or reductions in idle time and material waste. In contrast, the present study
adopts a broader sustainability perspective, encompassing environmental, economic, and
operational dimensions. It also distinguishes itself by embedding lean tools within a digi-
tally enabled Business Process Management (BPM) structure supported by IoT technologies,
thereby facilitating data-driven decision-making and continuous improvement.

Table 1 below provides a structured comparison of key studies in the field of lean
manufacturing and digital transformation within textile production. It synthesizes the
thematic focus, methodological approaches, toolsets, sustainability dimensions, and dig-
ital integration levels of each study. This comparative overview serves to highlight the
distinctive contribution of the present research, which integrates lean methodologies with
Industry 4.0 technologies through a digitally enabled Business Process Management (BPM)
framework tailored to the operational realities of textile SMEs.

In conclusion, despite the growing body of research integrating lean manufactur-
ing and digital transformation, most existing studies tend to examine these domains in
isolation—either focusing on the application of lean tools or on the adoption of Industry
4.0 technologies without a unified operational framework. This fragmentation leaves a
critical gap in the literature regarding how data-driven lean practices can be systematically
embedded within digitalized business process models to achieve both operational efficiency
and long-term sustainability. Addressing this gap, the present study proposes a holistic,
data-centric framework that integrates SMED, work standardization, and ergonomic layout
redesign within a digitally enabled BPM structure, supported by real-time data analytics.
By doing so, it not only enhances production efficiency and process agility but also em-
powers operators through digital control mechanisms. Accordingly, this research seeks to
answer the following questions:

(1) How can lean manufacturing tools be effectively integrated into a digital BPM frame-
work to improve production efficiency in textile manufacturing?

(2) What role does real-time data tracking play in enhancing transparency, decision-
making, and sustainability outcomes in re-engineered production systems?

(3) To what extent can such an integrated approach contribute to long-term operational
resilience and competitiveness in the textile sector?

3. Methodology
This study adopts an integrated methodological framework that combines core lean

manufacturing tools—namely 5S, Total Productive Maintenance (TPM), and Standard
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Work—with complementary components aligned with digital transformation and sustain-
ability imperatives, including digitization and circular economy principles. While lean
tools are employed to eliminate inefficiencies and standardize operations, digitization
enhances data capture and real-time monitoring, and circular economy practices promote
resource optimization. The proposed model is validated through a pilot implementation
in the apparel division of a textile company, and its structure is organized around three
primary components: SLP, SMED, and Standard Work. The subsequent sections elaborate
on each component individually. The methodological design for this study is provided in
Figure 1, as seen below.

Figure 1. Implementing the efficiency of the production process.

As illustrated in Figure 1, the model aims to enhance operational efficiency, reduce
waste, and improve decision-making through real-time data integration and process au-
tomation. The implementation sequence of the proposed model begins with the application
of SLP to address inefficiencies in the existing facility layout. This is followed by the
deployment of the SMED methodology to minimize excessive machine changeover times.
Lastly, Standard Work is introduced to enhance material utilization and ensure consistency
in operational procedures within the manufacturing area. The model is further reinforced
by its alignment with sustainability objectives and Industry 4.0 principles, aiming to foster
economic growth while preserving environmental resources. Through the integration of
process automation and real-time data monitoring, the approach also seeks to improve
productivity, operational agility, and data-informed decision-making.

The combined application of SLP, SMED, and Standard Work not only enhances the effi-
ciency of industrial vest production but also strengthens the company’s competitive position
by improving product quality and responsiveness to market dynamics. The following subsec-
tions provide a detailed explanation of each component within the proposed framework.

3.1. Integrated Lean Tools Application

The proposed model is operationalized through the sequential application of three
core lean manufacturing tools: SLP, SMED, and Standard Work. Each tool addresses specific
inefficiencies within the production system and contributes to the overarching goals of
productivity enhancement, process standardization, and sustainability.

Systematic Plant Layout Planning (SLP): The first phase involves the application of
SLP to resolve inefficiencies in the existing facility layout. This structured, eight-step
methodology aims to reduce downtime and improve spatial efficiency by optimizing the
physical arrangement of production resources. The steps include the following:

As illustrated in Figure 2, the SLP process comprises seven structured steps, each
designed to optimize spatial efficiency and streamline production flows within the selected
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textile manufacturing firm. The process begins with a clear articulation of the objectives
behind the layout redesign or relocation—such as reducing material handling time, improv-
ing workflow continuity, or accommodating future expansion—ensuring that the redesign
aligns with the company’s broader operational and strategic goals. Following this, the man-
ufacturing processes are thoroughly mapped, including detailed documentation of each
operation’s sequence, duration, and interdependence. This step provides a foundational
understanding of how materials and information flow through the production system.

Figure 2. Steps of SLP for optimizing textile manufacturing processes.

To further clarify these relationships, process flow diagrams are developed, offering a
visual representation of the interactions between different workstations and departments.
These diagrams serve as a basis for constructing a relationship matrix, which evaluates the
necessity and frequency of interactions between functional areas, thereby informing decisions
about spatial proximity. With this analytical foundation, alternative layout configurations are
generated and assessed using both qualitative criteria (e.g., safety, flexibility, and ergonomics)
and quantitative metrics (e.g., travel distance, cycle time, and space utilization).

Once the most suitable layout is selected based on this multi-criteria evaluation,
detailed schematics are drafted to guide the physical implementation. These technical
drawings include precise measurements, equipment placements, and workflow paths.
The final stage involves executing the physical modifications to the plant, such as relocat-
ing machinery, adjusting workstations, and updating signage and pathways. This step
translates the planned improvements into tangible operational enhancements, ultimately
contributing to reduced downtime, improved productivity, and a more ergonomic and
sustainable production environment.

An illustrated in Figure 3, there is the six-step process of SMED methodology as ap-
plied in the textile manufacturing context. The process begins with distinguishing internal
and external setup activities, followed by analyzing each task to identify opportunities for
externalization. Subsequent steps involve modifying tools and procedures, implementing
technical enhancements such as quick-release systems, standardizing operations through
training, and fostering continuous improvement via employee feedback. This structured
approach aims to minimize machine downtime and enhance production flexibility.
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Figure 3. SMED implementation steps for reducing setup time.

This five-step approach begins with analyzing the criticality of each process in terms
of its impact on quality, safety, productivity, and cost (Figure 4). Operational data—such as
cycle times, operator movements, and tool usages—are then collected to identify inefficien-
cies and inconsistencies. Based on these insights, targeted improvements are introduced
to streamline workflows, reduce unnecessary motions, and enhance ergonomics. The
improved processes are documented with clearly defined quality standards, and compre-
hensive training is provided to ensure that all personnel understand and adhere to the
standardized procedures. This structured implementation of Standard Work contributes to
greater process stability, improved product quality, and enhanced workforce alignment.

 

Figure 4. Implementation of Standard Work.

3.2. Validating Indicators and Pilot Implementation

To evaluate the effectiveness of the proposed model, a set of six performance indicators
was employed. These indicators were selected to measure improvements in production
efficiency, resource utilization, and operational consistency. Each metric is defined below,
along with its corresponding formula:

- Production Efficiency (%): this indicator measures the ratio of actual output to theoret-
ical production capacity, expressed as a percentage:

Efficiency =

(
Actual Production

Theoretical Production

)
× 100

An increase in this value reflects a higher number of industrial vests produced relative
to the baseline.
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- Distance Reduction (m): this metric quantifies the reduction in material handling
distance within the production area:

Distance Reduction (m) = Initial Distance − Final Distance

The result indicates the number of meters eliminated from the workflow due to
layout optimization.

- Setup Time (min): this indicator captures the reduction in machine setup time follow-
ing the implementation of SMED:

Setup Time = Final Setup Time − Initial Setup Time

- Equipment Utilization (%): this metric assesses the proportion of available machine
time that is actively used in production:

Equipment Utilization =

(
Actual Operation Time

Available Time

)
× 100

- Non-Value-Added Activities (%): this indicator measures the proportion of tasks
that do not contribute to value creation, supporting the development of targeted
improvement actions:

%NVA =

(
NVA Activities
Total Activities

)
× 100

- Fabric Waste (%): this metric evaluates material efficiency by comparing fabric waste
to total purchased fabric:

%Fabric Waste =

(
Fabric Waste

Total Purchased Fabric

)
× 100

To validate the proposed framework, a pilot program was conducted in the company’s
apparel division. The implementation of the three lean tools—SLP, SMED, and Standard
Work—was closely monitored throughout the pilot phase. The validation process was
structured in alignment with the model’s design stages to ensure accurate measurement of
outcomes and to identify areas for further refinement.

Specifically, the validation of spatial reconfiguration was carried out through the
SLP component, while the SMED methodology was tested in a controlled environment
to assess its impact on changeover time reduction. This real-world application enabled
a comprehensive evaluation of the model’s effectiveness and its potential to enhance
production performance under operational conditions.

In parallel with the layout and setup time validations, the effectiveness of the Standard
Work methodology was also assessed through a structured pilot implementation. Initially,
eight operators from the manufacturing area received targeted training on the newly
standardized procedures. Following the training phase, the standardized workflow was
deployed and detailed time measurements were recorded for each activity. This enabled
a comparative analysis of task durations and the proportion of non-value-added (NVA)
activities before and after implementation. The results provided empirical evidence of
improved process consistency and reduced variability in operator performance.

To ensure a comprehensive evaluation of the proposed model, the SMED methodology
was likewise validated through a dedicated pilot program. In this phase, changeover time
reduction techniques were applied in a controlled production environment. This real-world
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application allowed for close observation of the methodology’s impact on operational
efficiency, particularly in terms of setup time reduction and production continuity.

As illustrated in Figure 5, a flowchart was designed to systematically guide and
document the validation process of lean tool implementation within the case study firm. It
delineates the sequential and role-specific steps undertaken to apply and evaluate three
core lean methodologies—Systematic Layout Planning (SLP), Single-Minute Exchange
of Dies (SMED), and Standard Work—during the pilot phase. The process begins with
the production supervisor collecting data on current layout configurations and material
flows. This is followed by the Service Analyst, who analyses internal linkages and identifies
opportunities for process standardization. Subsequently, the plant manager assesses the
feasibility and strategic alignment of proposed changes, including decisions on whether
certain activities can be externalized or require internal restructuring.

Figure 5. Validation flowchart for the implementation of lean tools in the case study.

The flowchart integrates key decision points—such as verifying the correctness of claims,
assessing the potential for external conversion, evaluating cycle times, and confirming im-
plementation accuracy—which ensure that each intervention is critically examined before
proceeding. Based on these evaluations, specific actions are triggered, including the docu-
mentation of existing processes, development of process flow diagrams, reclassification of
activities, implementation of improvements, employee training, and continuous monitoring.

This structured and iterative approach not only enhances methodological rigor and
traceability but also facilitates cross-functional collaboration. By clearly mapping responsi-
bilities and decision logic, the flowchart ensures that the deployment of lean tools is both
systematic and adaptable to the dynamic conditions of the production environment.

4. Findings
This section presents the results of a pilot simulation conducted to evaluate the effec-

tiveness of the proposed lean manufacturing model. The simulation compares the current
production process with an improved version that integrates SMED, SLP, and Standard
Work. In parallel, financial validation was performed using key investment appraisal
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metrics—Net Present Value (NPV), Internal Rate of Return (IRR), and the Benefit–Cost
(B/C) ratio—to assess the economic feasibility of the proposed improvements. The findings
from both operational and financial perspectives confirm the advantages and viability of
implementing the lean-based process redesign.

The case study focuses on a textile manufacturing company located in Lima, Peru,
operating within the apparel sector. The firm comprises six production lines: Safety
Clothing, Face Protection, Head Protection, Hand Protection, Fall Protection, and Industrial
Footwear. Among these, the production of industrial vests represents a core product
line. However, the current production efficiency for this line was 78%, falling short of the
industry benchmark of over 85%. This performance gap resulted in an estimated economic
loss of 11% in 2023. To address this issue, the company initiated a pilot program aimed at
implementing lean tools to enhance efficiency and achieve more competitive outcomes.

To assess the practical applicability of the proposed lean manufacturing model, a
series of pilot tests were conducted with the objective of reducing downtime and enhanc-
ing consistency in work methods. The validation of Standard Work was carried out by
measuring task durations and ensuring adherence to the newly established procedures.
The implementation process followed a structured sequence of phases, including baseline
data collection, process optimization, and on-site training of operators. Monitoring visits
were conducted periodically between August and November 2024 to track progress and
ensure compliance with the standardized workflow.

4.1. SLP Application Validation

The implementation of the new layout commenced with a preliminary meeting in-
volving the production supervisor, during which the proposed modifications and their
anticipated benefits were clearly outlined.

Redeployment Schedule: A detailed schedule was developed, specifying the dates for
both the redeployment of workstations and the associated training activities.

Work Area Redeployment: The physical relocation of workstations was carried out on
August 19 of the current year. This process required a total of five hours and was completed
with the assistance of eight area workers.

Operator Training: A training session was conducted to familiarize operators with the revised
layout and the new workflow for industrial vest production. Operator feedback was minimal, as
the changes had been designed with a strong emphasis on comfort and satisfaction.

Measurement of Travel Time and Distance: To assess the effectiveness of the new
layout, travel time and distance data were collected. A distance matrix was subsequently
constructed based on the updated configuration of the sewing and embroidery areas.

Table 2 below presents the distance matrix compiled during the site visit following the
completion of operator training.

Table 2. Route measurement.

Areas Distance (m) Time

4.45% 3% 1.36%
78.13% 90% 92.80%
98.17% 99% 99.47%
1.52% 1% 0.79%
0.00% 97% 98.12%

Table 2 presents a percentage-based analysis of route measurements within the pro-
duction area, following the implementation of the new layout. The data reflects the relative
contributions of various routes to overall travel distance and time. Notably, one route
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accounts for over 98% of both distance and time, indicating it is the primary operational
pathway—likely to represent the core production flow. Conversely, other routes, such as
the one contributing only 4.45% to distance and 1.36% to time, suggest minimal movement
and high efficiency, possibly associated with auxiliary or support tasks.

A particularly striking observation is the final entry, where the recorded distance is
0.00%, yet the corresponding time is 98.12%. This discrepancy implies that the activity in
question involves negligible physical movement but is highly time-consuming, potentially
due to processing delays, manual operations, or waiting periods. Such insights are critical
for identifying inefficiencies that are not spatial but temporal in nature. Overall, the
table serves as a diagnostic tool, highlighting both spatial and temporal dynamics of the
workflow and offering a foundation for further optimization.

4.2. SMED Application of the Validation

The implementation of the SMED methodology in this pilot initiative aims to minimize
machine setup times within the garment production area. Specifically, the straight-stitch
machine involves nine distinct setup activities, each managed by a single operator with
prior experience in its operation. Similarly, the overlock machine comprises ten setup
tasks, also executed individually by trained operators. The pilot plan was launched in
collaboration with the production supervisor, beginning with a briefing session to outline
the objectives of SMED implementation and to identify the target machines. Subsequently,
training sessions were organized for the operators responsible for both the straight-stitch
and overlock machines. Figure 4 illustrates the training process conducted with the com-
pany’s personnel.

In the second phase, setup times were systematically measured to establish a baseline
for evaluating improvements. An initial sample of 15 observations was collected, enabling
a more accurate and representative analysis. For the flat-bed machine, eight samples
were recorded initially, followed by seven additional samples taken on September 8th.
These observations were gathered from the four operators actively working in the garment
section. An identical procedure was applied to the overlock machine, ensuring consistency
in data collection across both machine types. All four operators involved in its operation
participated in the measurement process. The results of these time studies are summarized
in Table 3, providing a comparative overview of set-up durations for both machines under
current operating conditions.

Table 3. Comparison of machine setup times before and after SMED implementation.

Activities Before Now

Straight machine 7.15 4.59
Overlock 7.5 4.24
Activities Before Now

Straight machine 7.15 4.59
Overlock 7.5 4.24

The data presented in Table 3 illustrate the impact of SMED methodology on machine
setup times for two key machines in the garment production area: the straight-stitch
machine and the overlock machine. Prior to the implementation of SMED, the average
setup time for the straight-stitch machine was 7.15 min. Following the intervention, this
time was reduced to 4.59 min, representing a reduction of approximately 36%. Similarly, the
overlocking machine showed a significant improvement, with setup time decreasing from
7.50 min to 4.24 min, which corresponds to a reduction of roughly 43%. These reductions
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indicate that the SMED approach effectively streamlined the setup process, minimizing
downtime and enhancing operational efficiency.

These results are particularly significant given that each machine is operated by a single
trained operator, and the improvements were achieved without increasing labor input.
The consistent reduction across both machine types suggests that the SMED methodology
was successfully adapted to the specific context of garment manufacturing. Moreover,
the relatively close post-implementation setup times (4.59 and 4.24 min) indicate a more
standardized and predictable setup process, which can contribute to better production
planning and reduced variability. Overall, the data validates the effectiveness of the SMED
pilot and supports its broader application across similar production environments.

4.3. Industry 4.0 Validation

The application of Industry 4.0 principles played a pivotal role in enhancing opera-
tional efficiency within the company. During the project, it was identified that proximity
sensors—capable of detecting objects without physical contact—were already installed in
the facility but remained unused due to a lack of training and a perceived lack of value.
To address this, a structured reactivation plan was developed. The first phase involved
a meeting with the production supervisor, during which the benefits of reactivating the
sensors were presented. A detailed implementation schedule was created, outlining the
training sessions and key milestones. The plant manager was also included in the training
plan to ensure alignment across all levels of operation.

In the second phase, targeted training was delivered to machine operators. The
sessions focused on the purpose and functionality of the proximity sensors, including
how to analyze their application across different machines in the manufacturing area. The
expected improvements—such as increased automation, reduced manual intervention, and
enhanced process control—were clearly communicated. The operational flow introduced
during the training is illustrated in Figure 6.

Figure 6. Flow in the sensor activation.

This visual representation helped operators understand the logic and timing of sensor-
based automation. The reactivation of these sensors not only revived underutilized tech-
nology but also marked a significant step toward digital transformation on the shop floor.

In the third phase of the project, proximity sensors were reactivated and integrated
into the company’s manufacturing area following the completion of operator training.
These sensors were configured to detect machine occupancy and record usage duration.
Once activated, operators resumed their regular tasks, during which the sensors collected
20 data points. This data were subsequently analyzed to assess the effectiveness of sensor
integration and to identify patterns in machine utilization. The reactivation not only enabled
real-time monitoring but also laid the groundwork for data-driven decision-making in
production management.

The fourth phase focused on validating operator performance based on the time
measurements captured by the sensors. The analysis confirmed that the operators met the
required performance standards to produce industrial vests. This validation demonstrated
that the integration of proximity sensors provided accurate and actionable insights into
production efficiency. The results obtained from this phase are visually represented in
Figure 7, which illustrates the performance outcomes following sensor reactivation. Overall,



Sustainability 2025, 17, 8888 17 of 29

this phase reinforced the value of Industry 4.0 technologies in enhancing transparency,
accountability, and productivity on the shop floor.

Figure 7. Results obtained for Industry 4.0.

Figure 7 illustrates the impact of proximity sensor activation on equipment utilization,
as measured in hours per day. The bar chart compares the usage of three key machines—
overlocker, straight machine, and docking machine—before and after the reactivation of the
sensors. The data reveals a significant increase in daily usage across all three machines. For
instance, the overlocker’s usage rose from 3 to 6.1 h per day, while the straight machine saw
an even more substantial increase from 2.5 to 6.3 h. The docking machine also experienced
a notable rise, from 4 to 6 h per day.

These results suggest that the activation of proximity sensors contributed to more
consistent and efficient machine operation. By enabling real-time monitoring of machine
occupancy and usage, the sensors are likely to help reduce idle time and improve workflow
coordination. The increased usage times reflect not only better resource utilization but also
enhanced operator awareness and accountability, as the system now provides transparent
data on machine activity. Overall, the chart demonstrates how a relatively simple Industry
4.0 intervention can lead to measurable improvements in production efficiency.

4.4. Work Standardization Validation

The analysis of the garment production process revealed a total cycle time of 8.3 min,
of which only 4 min were classified as value-added (VA) activities. To better understand
the distribution of time, an activity table was developed, categorizing each task into the
VA, Necessary but Non-Value-Added (NNVA), and Non-Value-Added (NVA) activities.
The results showed that VA activities accounted for 53% of the total time, the NNVA
activities 33%, and the NVA activities 14%. This breakdown provided a clear foundation for
identifying inefficiencies and targeting areas for process improvement. The insights gained
from this analysis were used to inform the development of a standardized procedure for
overlock sewing.

In the second phase, operator training was conducted on 7 September 2024, via
Zoom, ensuring accessibility and convenience for all participants. The training session
introduced the objectives of the new standard procedure and utilized flowcharts and
visual aids to enhance comprehension. Following the training, the third phase involved
the practical application of the standardized process. The research team conducted time
measurements based on 20 observations per activity, capturing data from real production
batches. Operators implemented the new workflow in the garment area, and the recorded
times were used to evaluate consistency and efficiency.
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In the fourth phase of the project, activity time measurements were conducted to
assess the impact of process improvements on production consistency. Initial validation
revealed that variability in materials and execution times was negatively affecting overall
performance. These inconsistencies led to fluctuations in output quality and resource
utilization. To address this, the team implemented task standardization and enhanced
coordination among operators. These adjustments contributed to a more stable production
environment, reducing errors and optimizing the use of available resources. As a result,
confidence in both product efficiency and quality increased significantly.

Following these improvements, a comparative analysis of activity times was carried
out, as presented in Table 4. This table highlights the differences in execution times
before and after the standardization efforts, providing quantitative evidence of the process
stabilization. The data not only validates the effectiveness of the interventions but also
serves as a benchmark for future optimization initiatives. By minimizing variability and
aligning operator performance with standardized procedures, the company achieved
greater predictability and control in its garment production workflow.

Table 4. Comparison of activity classifications.

Activities Before Now

VA 64% 83%
NVA 22% 9%

NNVA 14% 8%
Activities Before Now

VA 64% 83%

Table 4 presents a comparative analysis of activity classifications before and after the
implementation of process improvements. The most notable change is observed in the
proportion of Value-Added (VA) activities, which increased significantly from 64% to 83%.
This indicates that a larger portion of the total process time is now dedicated to tasks
that directly contribute to the final product. Such an increase reflects the effectiveness of
standardization and training efforts, as more time is being spent on productive, outcome-
oriented operations. This shift not only enhances efficiency but also improves the overall
value delivered to the customer.

Simultaneously, there is a marked reduction in Non-Value-Added (NVA) and Neces-
sary but Non-Value-Added (NNVA) activities. NVA activities dropped from 22% to 9%,
while NNVA activities decreased from 14% to 8%. These reductions suggest that sources
of waste—such as delays, unnecessary movements, or redundant steps—have been suc-
cessfully minimized. The decline in NNVA activities also implies better coordination and
planning, allowing essential but indirect tasks to be executed more efficiently. Overall,
the data in Table 4 confirm that the process improvements led to a more streamlined,
value-focused workflow, aligning with lean manufacturing principles.

4.5. Sustainability Validation

In a real-world production setting, a validation process was conducted to identify
limitations affecting the sustainability of the sewing area. This analysis enabled the research
team to connect practical observations with actionable improvement opportunities. The
first phase involved direct interviews with 11 sewing operators, conducted with prior
consent. Workers highlighted that the current pocket design led to excessive fabric waste, a
claim substantiated by the visible accumulation of textile scraps near their workstations.
This insight allowed the team to address material inefficiencies and initiate waste reduction
strategies. Additionally, participants were encouraged to share broader perspectives on
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sustainability, including environmental initiatives and resource-conscious practices relevant
to the Sustainable Project.

The second phase focused on stakeholder engagement through targeted surveys. To
assess the feasibility and relevance of the sustainability pilot, feedback was gathered from
two key groups: B2B customers and production operators. A sample of ten frequent B2B
clients was surveyed regarding their expectations of suppliers integrating sustainability into
their manufacturing processes—75% expressed support for sustainable vest production.
Similarly, ten operators involved in garment manufacturing were surveyed, showing
strong support for sustainability, particularly in areas such as material selection, production
practices, recycling, and transparency. Responses were categorized as “Yes,” “No,” or
“Not sure” to facilitate clear visualization. The results, presented in Figure 8, validate the
strategic direction of the sustainability initiative and confirm alignment with both internal
capabilities and market expectations.

 

Figure 8. Operator and customer perceptions on key sustainability aspects.

Figure 8 presents key insights into sustainability perceptions from two distinct stake-
holder groups: operators and B2B customers, illustrated through two separate radar charts.
The first chart, “Survey of Operators,” reveals a predominantly positive outlook among op-
erators regarding sustainability. High affirmative responses are observed for “Sustainability
training” (90% Yes), “Application of good sustainable practices” (70% Yes), and “Interest in
participating in improvements” (80% Yes). Conversely, a relatively low “Yes” rate (30%) for
“Difficulties in implementing sustainability” suggests that operators generally perceive few
challenges in this area. The “Perception of unnecessary waste” (60% Yes) and some “Not Sure”
responses indicate potential areas where further awareness or clarification could be beneficial.

The second chart, “B2B Customer Survey,” highlights strong positive perceptions
among customers concerning their “Knowledge of sustainable practices” (90% Yes) and
their “Preference for suppliers with sustainable practices” (80% Yes). However, customer
interest in “receiving information on sustainable actions” (30% Yes) and their “Willingness
to pay a little more” (40% Yes) are notably lower. These findings suggest that while cus-
tomers generally support sustainability, their engagement might be limited when it comes
to actively seeking information or incurring additional costs. Collectively, both surveys
provide a clear snapshot of the current stance of different stakeholders on sustainability
and pinpoint areas ripe for strategic development and communication.

In the third phase of the sustainability initiative, a revised version of the standardized
work method was developed, incorporating environmentally conscious practices. Drawing
on insights from the initial diagnostic phases, each step of the garment production process
was reviewed and updated to include sustainability-focused recommendations. These in-
cluded strategies to minimize material waste, reduce unnecessary operator movement, and
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enhance ergonomic conditions. To clearly communicate these improvements, a dedicated
“green column” was added to the standardized work sheet, highlighting the sustainable ac-
tions associated with each task. This integration ensured that sustainability was embedded
directly into daily operations, rather than treated as a separate or secondary concern.

The fourth phase focused on evaluating the effectiveness of these sustainable practices.
Data collected between mid-September, and mid-October revealed a measurable reduction
in fabric waste. For clarity, in this study, fabric waste refers only to the unusable fraction
of cut fabric (e.g., margins, irregular scraps, or defective parts). Based on this definition,
waste levels decreased from 8% of the total fabric used at the beginning of the process to
4% after the implementation of the revised standardized working method. In other words,
approximately 96% of the fabric cut during production was effectively transformed into
garments, while only 4% represented irrecoverable waste. These findings validate the
approach and support the continued application of sustainability principles in production
planning and execution. The results are visually represented in Figure 9, which shows the
percentage of textile residues following the implementation of the revised process. These
findings validate the approach and support the continued application of sustainability
principles in production planning and execution.

Figure 9. Daily fabric waste percentage during production.

This chart in Figure 9 illustrates the daily fabric waste and purchased amounts in
meters, alongside the daily waste percentage during production, over a period of 22 days.
The light grey bars represent the amount of fabric purchased each day, while the dark grey
segments on top of these bars indicate the portion wasted. The blue line with data points
shows the daily waste percentage. Throughout most of the observed period, the fabric
purchased remained stable at around 110 m per day and the waste percentage consistently
stayed at 5%, reflecting controlled and predictable production waste levels.

However, there are a few noticeable deviations from this pattern. On Day 18 and
Day 20, the purchased fabric dropped significantly to 80 and 100 m, respectively, and the
waste percentage also decreased to 3%. This indicates improved efficiency or perhaps a
change in the production process or material handling on those specific days. Conversely,
on Day 19, despite an increase in purchased fabric to 120 m, the waste percentage returned
to 5%, suggesting that higher input does not necessarily lead to reduced waste. Overall,
the chart highlights consistent production patterns with a few exceptional days that could
warrant further investigation to identify best practices.

Figure 10, titled “Reusing Fabric Scraps: A Sustainable Process,” visually outlines a
three-stage transformation of textile waste into a functional component of a finished garment.
The first stage labelled “1. Raw Fabric Scrap (Before),” depicts a red piece of fabric marked
as “SCRAP,” representing unused or discarded textile remnants from the production line.



Sustainability 2025, 17, 8888 21 of 29

The accompanying description emphasizes that these materials, which would typically be
considered waste, are now being collected and prepared for repurpose. This stage highlights
the initial opportunity to intercept waste before it exists in the production cycle.

Figure 10. Reusing fabric scraps: a sustainable process.

The second and third stages illustrate the integration and final use of these scraps.
In “2. Integration into Product,” the scraps are shown being sewn into specific areas of a
garment—such as internal reinforcements, demonstrating a practical and value-adding
reuse strategy. The schematic of a building with the label “Reinforcement” symbolizes
structural support, reinforcing the idea that these scraps contribute to product durability.
Finally, “3. Finished Product (After)” presents a blue square labelled “Reused,” signify-
ing that the once-discarded material is now a functional part of the final product. This
visual progression effectively communicates how sustainable design can be embedded into
production by transforming waste into utility, aligning with circular economic principles.

As a final step in the sustainability initiative, the figure illustrates the volume of
fabric scraps that were successfully recycled during the assessment period. In parallel, the
implementation of sustainable practices contributed to improved organization within the
manufacturing area, notably eliminating loose fabric remnants that previously accumulated
on the floor. This not only enhanced workplace cleanliness but also reinforced a culture of
efficiency and environmental responsibility.

During the pilot test, the reuse of fabric scraps led to a 10% reduction in new fabric
consumption per unit, a value obtained by comparing the average input required before
and during implementation. This was possible because certain internal components were
replaced with reused materials. Functional tests confirmed the durability of these reinforce-
ments, which remained intact after five days of continuous use. Furthermore, optimized
cutting planning led to a 4% reduction in textile waste, calculated from the difference
between the initial surplus material and that recorded in the pilot test. Operators also
reported that the addition of scraps did not affect production speed and led to a more
organized and efficient workspace. Overall, these improvements translated into increased
production, highlighting the operational benefits of implementing sustainable practices.

As a final component of the sustainability pilot, the facility upgraded its lighting
system by replacing conventional fixtures with energy-efficient LED lights. These were
installed in each production area with clear usage guidelines: lights were to remain on
only during active vest production. This initiative was supported by a broader behavioral
shift toward responsible energy use, reinforced through updated work routines. Operators
were instructed to activate lighting only during machine operation, significantly reducing
daily energy consumption. Over the course of a week, lighting usage was monitored in
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relation to machine activity, while air conditioning was restricted to operate only between
23 ◦C and 25 ◦C. On/off controls were assigned to operators, who recorded estimated
usage times daily. These measures demonstrate that small and medium-sized enterprises
(SMEs) can adopt impactful sustainability practices without major financial investment—by
focusing on environmental responsibility, employee engagement, and a balanced approach
to economic growth and social well-being.

The implementation of lean practices and process standardization generated measur-
able environmental benefits. Annual electricity savings reached 2010 kWh, representing
avoided emissions of approximately 804 kg CO2e. This reduction is equivalent to the yearly
electricity use of two average Peruvian households or the carbon sequestration of 13 mature
trees. In terms of material efficiency, scrap levels decreased from 8% to 4%, cutting raw
material waste by half. This translates into lower disposal needs and reduced demand
for virgin inputs, aligning with ISO 14001 [45] environmental management principles and
reporting approaches recommended by the GRI Standards.

Overall, these improvements not only reduced operational costs but also contributed
to a more sustainable production model. By combining efficiency gains with quantifiable
environmental indicators, the SME advanced toward internationally recognized sustain-
ability benchmarks while reinforcing its competitiveness. Following the validation of the
implemented tools, Table 5 presents a consolidated summary of the results obtained. It
compares key performance indicators before and after implementation, along with their
respective units of measurement. The improvements achieved across various areas of
the plant are clearly reflected in this comparison, offering a comprehensive view of the
operational impact and effectiveness of the applied strategies.

Table 5. Comparison of key performance indicators.

Activities Current Obtained

Efficiency 79% 84%
Distance travelled 14.13 m 11.6 m
Preparation time 7.5 min 4.55 min

Used of equipment 87% 94%
%NVA 14% 8%

Table 5 presents a comparative analysis of key performance indicators before and after
the implementation of process improvements in the manufacturing area. The data reveal a
notable increase in efficiency, rising from 79% to 84% and indicating a more streamlined
and productive workflow. Additionally, the distance travelled by operators was reduced
from 14.13 m to 11.6 m, reflecting improved workstation layout and reduced unnecessary
movement. This spatial optimization likely contributed to the observed reduction in
preparation time, which decreased significantly from 7.5 min to 4.55 min, enhancing overall
responsiveness and cycle time.

Moreover, the utilization rate of equipment improved from 87% to 94%, suggesting
better scheduling, fewer idle periods, and more consistent machine use. Perhaps most im-
portantly from a lean manufacturing perspective, the percentage of non-value-added (NVA)
activities dropped from 14% to 8%, demonstrating a successful effort to eliminate waste and
focus on value-generating tasks. Collectively, these results confirm that the implemented
changes not only enhanced operational efficiency but also aligned the production process
more closely with lean and sustainable manufacturing principles.
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4.6. Economic Validation

The financial analysis of the project demonstrates its strong economic viability. Annual
savings were estimated at approximately S/31,000, which, although lower than the total
initial investment, is supported by robust financial indicators. The Net Present Value
(NPV) was calculated at S/54,292.23, a positive figure that confirms the project’s capacity
to generate value over time. Additionally, the Internal Rate of Return (IRR) reached 76.02%,
significantly exceeding the Cost of Capital (COK) of 18%, further validating the project’s
profitability. The Benefit–Cost (B/C) ratio stood at 1.31, indicating that for every sol
invested, the return was S/2.13, highlighting a favorable return on investment.

Moreover, the payback period was estimated at five years, suggesting a reasonable
timeframe for recovering the initial investment through operational savings. These fi-
nancial metrics collectively confirm that the project is not only economically feasible but
also strategically sound. The combination of cost reduction, efficient resource use, and
long-term financial return underscores the project’s alignment with sustainable business
practices. This analysis reinforces the idea that sustainability-oriented investments can yield
measurable economic benefits, particularly when supported by structured implementation
and performance monitoring.

To further support the financial viability of the project, a summary of the key economic
indicators is presented in Table 6. This table consolidates the most relevant financial metrics,
offering a clear and concise overview of the project’s economic performance. Each metric is
accompanied by a brief interpretation to facilitate understanding of its significance. The
data confirms that the project not only meets but exceeds the minimum financial thresholds
typically required for investment justification

Table 6. Project financial analysis summary.

Financial Metric Value Interpretation

Annual Savings S/31,000 Estimated yearly cost reduction from project implementation.
Net Present Value (NPV) S/54,292.23 Positive value confirming the project’s capacity to generate value over time.

Internal Rate of Return (IRR) 76.02% Significantly exceeds the Cost of Capital, validating profitability.
Cost of Capital (COK) 18% The minimum required rate of return for the project.

Benefit–Cost (B/C) Ratio 1.31 It indicates that for every sol invested, the return was S/2.13.

The positive Net Present Value (NPV), high Internal Rate of Return (IRR), and favorable
Benefit–Cost (B/C) ratio collectively reinforce the project’s profitability and long-term sustainability.
These indicators, when considered alongside the estimated annual savings and reasonable payback
period, provide compelling evidence of the project’s strategic and financial soundness. The table
below serves as a comprehensive reference point for stakeholders evaluating the return on
investment and the broader impact of the implemented improvements.

Table 6 summarizes the core financial outcomes of the project. The estimated annual
savings of S/31,000 reflect a tangible reduction in operational costs. A Net Present Value
(NPV) of S/54,292.23 confirms that the project is expected to generate value over time,
while the Internal Rate of Return (IRR) of 76.02% significantly surpasses the Cost of Capital
(COK) of 18%, indicating high profitability. Furthermore, the Benefit–Cost (B/C) ratio
of 1.31 demonstrates that for every sol invested, the return was S/2.13. These results
collectively validate the financial feasibility of the project and provide a solid foundation
for future replication or scaling in similar industrial contexts.

5. Discussion
This study builds upon a previous investigation that diagnosed operational inefficien-

cies, including bottlenecks, workstation layout issues, and material flow disruptions. While
the earlier work proposed a conceptual model for improvement, the current study validates
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its practical effectiveness through empirical monitoring and comparison with baseline
data. A 6% increase in the efficiency index was observed, confirming the positive impact
of the integrated approach on operational optimization and reinforcing the company’s
competitive position.

Beyond this general improvement, several key performance indicators (KPIs) demon-
strated notable progress. For instance, the distance travelled by operators and materials
during production was reduced from 14 m to 11.4 m, reflecting the successful application of
SLP methodology. This not only enhanced process efficiency but also improved ergonomic
conditions by minimizing unnecessary movement.

Setup time was reduced by 60%, from an average of 7.6 min, through the implemen-
tation of SMED supported by Industry 4.0 technologies. The integration of smart sensors
and partial automation enabled faster machine changeovers, contributing to a more agile
production environment. These findings align with previous studies that reported similar
efficiency gains through SMED and targeted training, emphasizing the importance of
preparation and continuous monitoring [46].

Work Standardization techniques led to a 10% reduction in non-value-adding
activities—from 14% to 8%. This was achieved by promoting task consistency and re-
ducing variability, allowing workers to focus on value-generating operations. Time and
motion studies further enabled the elimination of redundant steps. These results are consis-
tent with prior research that reported reductions in non-value-added activities from 43% to
5%, demonstrating the effectiveness of combining lean and work-study tools in the textile
sector [47].

From a sustainability perspective, fabric waste was reduced to 4% by reusing leftover
materials for components such as pockets and decorative stripes, now labelled sustainable.
This approach resonates with growing consumer demand for environmentally responsible
practices, as highlighted by Juanga et al. [48], who emphasized the challenges of textile waste
management in fast fashion. While some studies approached sustainability through AI-based
quality control [49], this study integrates sustainability from the outset using simple sensors
and low-cost solutions adapted to small enterprises. This distinction highlights the feasibility
of implementing sustainable practices without heavy technological dependence.

Evidence from previous studies confirms that lean practices can be successfully im-
plemented in low-technology settings, generating productivity gains without the need for
high financial investments [50]. In the case of textile micro-enterprises, the application of
a data-driven lean framework proved effective in enhancing performance by improving
the use of resources and decision-making processes [40]. Complementarily, research has
shown that integrating Industry 4.0 solutions into manual workstations together with IoT
systems and Business Intelligence tools produced a 12.3% increase in efficiency, even when
production faced seasonal fluctuations [51]. Taking together, these contributions reinforce
the present study, which integrates conventional lean techniques such as SMED and SLP
with Industry 4.0 technologies and sustainability principles to achieve improvements across
multiple dimensions. These findings support the current study’s approach, which combines
traditional lean tools such as the SMED and the SLP with Industry 4.0 technologies and
sustainability principles to achieve multidimensional improvements.

Unlike previous studies that often focus on isolated interventions—such as train-
ing [28], layout optimization [50], or digitalization [51] —this study presents a holistic
framework that integrates multiple methodologies. The observed improvements in setup
time, reduction of non-value-added activities, and material waste reflect a comprehensive
advancement that surpasses the one-dimensional approaches of earlier research. This
multidimensional integration offers both theoretical and practical contributions by demon-
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strating how traditional lean tools can be effectively combined with emerging technologies
and sustainability strategies in resource-constrained environments.

However, it is important to acknowledge certain limitations. This study is based on a
single case within the Peruvian textile sector, which may limit the generalizability of the
findings. While the framework is designed to be scalable, its effectiveness in other sectors or
regions may vary depending on contextual factors such as digital maturity, workforce skills,
and production complexity. Additionally, the reliance on low-cost sensor technologies,
while practical, may not capture the full potential of advanced Industry 4.0 systems.

Theoretically, this study contributes to the growing body of literature on hybrid
models that integrate lean manufacturing with Industry 4.0 and sustainability. It provides
empirical evidence supporting the feasibility of such integration in SMEs, particularly in
the textile sector. Practically, the findings offer a replicable model for similar organizations
seeking to enhance efficiency without significant capital investment. This dual contribution
is particularly relevant for industries operating under resource constraints, where the
adoption of high-cost technologies may not be feasible, yet operational improvements
remain critical for competitiveness.

6. Conclusions
This study proposed and empirically validated an integrated framework that com-

bines lean manufacturing tools—namely Systematic Layout Planning (SLP), Single-Minute
Exchange of Dies (SMED), and Standard Work—with real-time data tracking within a
digital Business Process Management (BPM) environment. Conducted in a Peruvian textile
SME, the research addressed persistent inefficiencies and low digital maturity by demon-
strating how traditional process improvement methodologies can be effectively adapted to
resource-constrained production settings.

The findings reveal that the hybrid approach led to measurable improvements in
operational performance, including a 5% increase in overall efficiency, a 60% reduction in
setup time, and a 5% decrease in fabric waste. These results underscore the practical viabil-
ity of integrating lean tools with low-cost Industry 4.0 technologies to enhance workflow
standardization, layout optimization, and production responsiveness.

Real-time monitoring of key performance indicators (KPIs) played a critical role in
enabling transparency and data-driven decision-making. The reuse of textile waste for
eco-labelled components further illustrates the framework’s alignment with sustainability
objectives, achieved without reliance on high-cost technological infrastructure.

From a methodological perspective, this study contributes to the literature by presenting
a replicable and scalable model that bridges lean manufacturing, digital transformation, and
sustainability. Unlike prior research that often isolates these domains, this study demonstrates
their synergistic potential when applied holistically in low-tech environments.

Scientifically, this research advances the discourse on hybrid operational models by
providing empirical evidence of their applicability in emerging market contexts. It high-
lights the feasibility of achieving multidimensional improvements—efficiency, adaptability,
and environmental performance—through integrated, context-sensitive interventions. Prac-
tically, the framework offers a strategic pathway for SMEs seeking to modernize operations
under financial and infrastructural constraints. Its adaptability to varying production
conditions and emphasis on incremental innovation make it particularly relevant for indus-
tries facing volatile market dynamics and increasing sustainability pressures. It presents
answers for each research question in this study, as seen below:

(1) How can lean manufacturing tools be effectively integrated into a digital BPM
framework to improve production efficiency in textile manufacturing?
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The findings demonstrate that lean tools can be successfully embedded within a
digital BPM structure to streamline workflows, reduce setup times, and optimize layout
design. The integration led to a measurable increase in overall efficiency from 79% to 84%,
confirming the effectiveness of this hybrid approach.

(2) What role does real-time data tracking play in enhancing transparency, decision-
making, and sustainability outcomes in re-engineered production systems?

Real-time monitoring enabled continuous tracking of key performance indicators (KPIs),
such as setup time, material flow, and non-value-added activities. This transparency facilitated
faster decision-making, reduced fabric waste by 5%, and supported the production of eco-
friendly garments, aligning operational goals with sustainability objectives.

(3) To what extent can such an integrated approach contribute to long-term operational
resilience and competitiveness in the textile sector?

The results suggest that the proposed model enhances not only short-term efficiency
but also long-term adaptability. By reducing production cycle times, improving ergonomics,
and minimizing waste, the company strengthened its capacity to respond to market fluc-
tuations and sustainability demands—key factors for maintaining competitiveness in a
dynamic global industry.

6.1. Limitations

This study is based on a single case within a specific SME context, which may limit
the generalizability of the findings. Additionally, while performance improvements were
quantitatively measured, no formal statistical significance testing was conducted. The
environmental impact of fabric reuse was not assessed through a life cycle analysis (LCA),
which could provide a more comprehensive view of sustainability outcomes.

6.2. Future Research Directions

Future research could extend the proposed framework across multiple organizations
and sectors to assess its scalability and contextual adaptability. Incorporating advanced
analytics—such as AI-driven predictive maintenance, digital twins, or machine learning-
based process optimization—may further enhance operational resilience. Additionally,
integrating formal life cycle assessments and cost–benefit analyses would strengthen the
evaluation of both environmental and economic impacts, thereby supporting more in-
formed decision-making in sustainable manufacturing systems.
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