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This study investigates the transformative potential of integrating digital technologies with
lean manufacturing principles to address the evolving challenges in the garment industry.
The industry demands high-quality products, rapid delivery, cost efficiency, and production
flexibility to maintain competitiveness and sustainability. While traditional lean methods
have focused on waste reduction and process optimization, the advent of digitalization
offers unprecedented opportunities for enhancing operational excellence.
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Devices (PMDs) and digital line balancing in achieving these goals. PMDs, integrated
within a digital lean framework, facilitate continuous monitoring of machine performance
and operator efficiency, providing real-time insights into operational processes. This real-
time visibility enables data-driven decision-making and centralized analysis, fostering
agility and responsiveness. Furthermore, this study presents a dynamic digital line
balancing algorithm that optimizes sewing line configurations and workload distribution.
This dynamic approach allows for real-time adaptations in production flows to mitigate
bottlenecks and boost productivity. By exploring the synergistic relationship between
PMDs, digital line balancing, and lean principles, this paper contributes to a comprehensive
understanding of how digital solutions can revolutionize operational efficiency in the
garment manufacturing sector.
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By digitizing lean processes, companies can monitor and measure
production in real time through data tracking, big data analytics, and
advanced analysis techniques. IoT-based production tracking modules
facilitate instant data collection across operations, transmitting
information to cloud-based networks. This enables real-time
monitoring of operational efficiency, operator performance, downtime,
and defect rates. The feedback provided through these systems
empowers operators to monitor their performance, adjust their pace,
and communicate with supervisors as needed. Such digital solutions

Introduction

Low productivity and production delays represent persistent
challenges within the apparel industry, particularly for small and
medium-sized enterprises. These challenges are often exacerbated by
fragmented production processes, where operations such as cutting,
sewing, and packaging are segregated into distinct departments.
This compartmentalized approach necessitates continuous material
transportation and poses significant challenges for workflow

coordination. Furthermore, quality control, typically relegated to a
separate department, often results in the late identification of defects,
necessitating costly rework or product sorting. Lean manufacturing
offers a compelling solution to these challenges by advocating for a
small-batch production paradigm that prioritizes flexibility and speed.
This approach, adaptable across diverse organizational structures and
processes, centers on maximizing customer value while minimizing
waste throughout the production cycle. Apparel companies must
embrace lean manufacturing approaches and analysis tools to achieve
more flexible and agile production and distribution processes, which
are essential for meeting the challenge of short product life cycles due
to fashion trends.'?

The concept of Industry 4.0, introduced as a result of a German
government initiative over a decade ago, represents a fundamental
shift in the way production processes are integrated and optimized.?
This digital revolution involves the seamless incorporation of the
Internet of Things and information and communication technology
into manufacturing, enabling real-time data tracking, analysis, and
optimization of production activities.*

create a collaborative environment where operators and teams are
actively engaged in meeting departmental and organizational goals.>*

Furthermore, the integration of advanced optimization algorithms
within these systems facilitates precise refinement of machine layouts
and dynamic balancing of workloads. These algorithms operate in
synergy with digital lean principles, leveraging real-time production
data to adapt to shifting demands and operational conditions.® In this
study, the software-based line balancing algorithm plays a crucial role
by continuously analyzing production data, pinpointing bottlenecks,
and reallocating tasks among workstations. This adaptive approach
ensures that operations adhere to the principles of continuous flow,
minimizing idle time and mitigating inefficiencies throughout the
assembly line. Consequently, the system not only boosts productivity
but also cultivates a resilient and responsive manufacturing
environment, adept at swiftly adjusting to fluctuations in production
requirements.
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Theoretical framework

ABC Apparel has initiated a comprehensive lean transformation,
leveraging digital tools to enhance production efficiency across its
operations. The company employs an Internet of Things (IoT)-based
shop floor control system to monitor operations across its sewing
lines in real-time. This system utilizes a Process Monitoring Device
(PMD), as shown in Figure 1, to continuously collect data on machine
performance, operator efficiency, and production output, thereby
providing immediate visibility into production status.

Figure | PMD shop floor device.

The PMD gathers and transmits real-time data on key performance
indicators (KPIs) for each production unit to the management software.
This integrated setup not only analyzes and optimizes performance
metrics but also delivers instant feedback to operators, facilitating
swift adjustments to workflows and minimizing downtime.As
essential tools for shop floor control, PMDs enable real-time tracking
of production processes, resulting in several significant benefits, as
illustrated in Figure 2.
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Figure 2 Overview of PMD benefits for shop floor control management.
Process Monitoring Devices (PMDs)

The digitalization of the sewing process has been a significant
advancement in the apparel industry, and the Process Monitoring
Device plays a crucial role in this transformation. This technology
enables real-time data collection from sewing machines and
operations through the Internet of Things, which in turn facilitates
cloud storage and comprehensive data analysis.” The RFID-based
sensors and Card Management System used in the PMD device allow
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for online monitoring and recording of machine activities, which can
be accessed and analyzed as big data.?

When the operator’s RFID card is recognized, the device starts
tracking the actual working time from the beginning of the operation
until the operator pauses or finishes the task. If the operator removes
their RFID card or powers down the machine, the device logs a
“operator left the machine” status and sends this information to
the server. To further enhance accountability and minimize non-
productive time, PMDs prompt operators to select a reason for their
departure from a predefined list when they re-engage with any PMD-
equipped machine. This mandatory justification, combined with the
time data transmitted to the server, enables precise recording of lost
time between work intervalsas shown in Figure 3. By analyzing these
patterns, manufacturers can identify and address recurring causes of
downtime, ultimately boosting productivity.

Insent the RFID
cara

Figure 3 PMD downtime management scenario.

Equipped with performance indicators at the top and quality
indicators at the bottom, the Process Monitoring Device delivers
immediate visual feedback on operational efficiency and repair
rates, significantly enhancing production monitoring. This
visual control mechanism is crucial in lean manufacturing, as it
empowers operators to quickly assess performance and make real-
time adjustments, streamlining the production process and driving
continuous improvement efforts.” By connecting to a central system
via the internet, PMDs facilitate a continuous flow of data from
individual sewing machines to a centralized repository, enabling the
aggregation and analysis of vast amounts of data, commonly referred
to as “big data.” This interconnectedness allows for a more holistic
and comprehensive understanding of the sewing process, enabling
manufacturers to identify and address systemic inefficiencies and
bottlenecks.

The insights derived from this data analysis empower apparel
manufacturers to make informed, data-driven decisions that optimize
their operations across various dimensions. By analyzing operator
activity patterns, manufacturers can identify and address bottlenecks
in the workflow, adjust work assignments based on skill levels, and
implement targeted training programs to enhance overall efficiency.
Furthermore, analyzing material usage data allows manufacturers
to identify areas of waste and optimize their material consumption,
reducing costs and promoting sustainability within the apparel
production process.

Digital Line Balancing Algorithms (DLBA)

In the context of sewing line optimization, the term “station” refers
to individual operators, operating under the assumption that there are
no machine restrictions. Departing from conventional approaches,
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this algorithm prioritizes the optimization of workforce distribution
across the assembly line. By minimizing capacity and workload
imbalances at each workstation, this algorithm aims to achieve a
more efficient and balanced sewing line operation. By considering
the following data sets, the algorithm effectively redistributes tasks
to enhance efficiency:

a) Production data: This setincludes real-time production quantities
collected through Process Monitoring Devices (PMD), operators’
working times, standard minute values (SMV), production cycle
times, and performance data at workstations. These data serve as
essential inputs for optimizing workload distribution.

b) Workstation data: This data encompasses the capacity of
workstations, cycle times for tasks performed at each station,
available resources, and operational requirements. Workload
distribution among stations is organized based on this information.

¢) Operator data: This set takes into account each operator’s skill
level, past performance data, working speed, and specific tasks
they can perform. Operators are assigned to different workstations
according to their skills and performance, optimizing overall
productivity.

d) The optimization process follows a structured approach:

e) Input parameters: Users are required to enter either the “Daily
Customer Demand” or the “Total Number of Operators” as the
optimization interval. The software then calculates the optimal
cycle time based on the specified production target. In this study,
the daily customer demand is set at 1,500 pieces. Takt time, which
serves as a key parameter for line balancing, is calculated using
the following formula:

Daily Working Time (C)

Takttime(tc) = (1)

Daily Customer Demand (Q)

For this study, the software calculates the takt time as 0.360
minutes per piece, as shown in Figure 4. This takt time is then used as
the cycle time for subsequent line balancing calculations.

Operation Capacity Calculation

Figure 4 Digital line balancing interval screen.
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f) Work sequence definition: Operations must follow a predefined
sequence, where each operation’s initiation depends on the
completion of the preceding one. Properly defining these
dependent operations is essential to ensure accurate optimization
calculations. Figure 5 depicts the sewing process workflow
chart for the D5210 Boxer, illustrating the sequence of stitching
operations and their interdependencies for efficient workflow
management.

»12 »(13

Figure 5 Sewing process workflow chart for the D5210 boxer.

g) Calculation execution: The average performance for each task
is derived from the factory’s database, taking into account factors
such as the specific operation, task description, or machine type.
This data facilitates the dynamic adjustment of task durations
based on actual performance. Once all parameters are set, users
initiate the calculation process. The software then assigns tasks to
each workstation, calculates the total working time, determines
the hourly production rate, and evaluates overall line efficiency.

The Process Monitoring Device (PMD) continuously tracks
performance metrics, enabling real-time adjustments to task durations.
The algorithm achieves line balancing by factoring in both actual
task times and the targeted takt time, this device enables real-time
optimization of the workflow, ensuring that it consistently aligns with
actual operating conditions.'

Methodology

The primary objective of this study is to develop a software-
based methodology to optimize the sewing line organization for
the production of the “D5210 Boxer Short” model. This analysis
underscores the integration of lean principles with real-time, data-
driven decision-making to enhance production line efficiency. Table
1 presents a detailed overview of operation names, machine types,
standard task times, and performance rates, providing valuable insights
into the specific workflow and operational structure associated with
this garment style.

Table I Overview of sewing work elements, machine types, standard minute values, and performance rates for the D5210 boxer short model

Task Operation Machine Smv (min) Performance rate Actual Smv (min)
| Gusset Preperation Overlock 0.46 42% 1.095
2 Gusset Coverall Lock Stitch 0.84 1.292
3 Back Seam Lock Stitch 0.257 89% 0.289
4 Inside Seam Lock Stitch 0.336 88% 0.382
5 Hem Coverstitch Flatlock 0.495 81% 0.614
6 Elastic Ironing Ironing Board 0.078 52% 0.150
7 Elastic Cutting Manual 0.246 61% 0.407
8 Elastic Joining Bartack 0.343 82% 0418
9 Elastic Attachment Coverstitch 0.519 89% 0.584
10 Elastic End Fastening Bartack 0.249 77% 0.324
I Thread Trimming Manual 0.455 93% 0.490
12 Ironing Ironing Board 0.369 56% 0.650
13 Final Control Manual 0.482 70% 0.689
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The digital algorithm computes the actual task durations for
each operation based on the Standard Minute Values (SMV) and
performance rates provided in Table 1. It determines the number of
operators required for each operation through a two-step process.

In the first step, the algorithm calculates the necessary number of

Line Optimization Fixed line Calculation
Q  order-

Performance

Order Operation Machine Timeimin)  Percent S

Actual
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operators using the ratio of actual task time (ti) to cycle time (tc). The
integer part of this value dictates the number of operators assigned to
each operation. Following this assignment, the algorithm computes
the remaining task durations for each operation. Figure 6 illustrates
the results of our sample application, showcasing the fixed line
calculation for line optimization.

Required
Ot Operator

Assigred
Opérator

Leap Unassigned

Operater Time Process

Figure 6 Results of line optimization fixed line calculation for operator assignment.

In the second step, the algorithm organizes the unassigned task
durations according to the sequence of operations and calculates the
position weights, considering both the unassigned durations and the
dependencies among operations.!' Assignments commence with the
station that possesses the highest position weight, ensuring that the

Station Calculate
Orde
Operation
Entity Order Operation Machine  Type Unassigned Time Dependency
o
3350 2
00
5 38100 4
-] 22500

total assigned task time does not exceed the target daily working
duration of 540 minutes. This approach enables the assignment of
multiple tasks to operators, thereby reducing the number of stations
required while maximizing overall efficiency. Figure 7 illustrates the
optimization calculations based on the position weight algorithm.
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Figure 7 Station assignments based on position weights of unassigned task durations.
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Results and discussions

The effective implementation of digital line-balancing algorithms
demonstrates a competitive edge over traditional methods, not only
in performance but also in enhancing resource optimization and
workflow efficiency. These algorithms significantly improve overall
operational efficiency and increase output per operator, aligning
seamlessly with the daily customer demand. Table 2 illustrates the

Table 2 Results of digital line-balancing for 5210 boxer short
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outcomes of the digital line-balancing algorithm for the D5210 Boxer
model. A detailed analysis of this table indicates that, to fulfill a daily
customer demand of 1,500 units, 23 operators have been strategically
assigned across 13 operations. Notably, some operators have been
entrusted with multiple tasks, reflecting a dynamic approach to
workforce allocation that maximizes productivity while minimizing
resource use.

Task Station Number Operation Machine Operator Station time (min)
| | Gusset Preparation Overlock Serpil A. 540

| 2 Gusset Preparation Overlock SevcanY. 540

| 3 Gusset Preparation Overlock Hatice T. 540

| 4 Gusset Preparation Overlock Sevda C. 22,5
2 4 Gusset Coverall Lock Stitch Sevda C. 318
2 5 Gusset Coverall Lock Stitch Emine C. 540
2 6 Gusset Coverall Lock Stitch IVILizevyen G. 540
2 7 Gusset Coverall Lock Stitch OzlemT. 540
3 8 Back Seam Lock Stitch Nahide K. 433,5
4 8 Inside Seam Lock Stitch Nahide K. 33

4 9 Inside Seam Lock Stitch Sevil K. 540
5 10 Hem Coverstitch Flatlock Seyhan A. 540
5 Il Hem Coverstitch Flatlock Son ay H. 38l

6 22 Eiastic Ironing Ironing Board Ceyda K. 225
7 12 Elasctic Cutting Manual Ceyda K. 70,5
7 13 Elastic Cutting Manual IVlelek C. 540
8 12 i Elastic Joining Bartack Ceyda K. 87

8 14 Elastic Joining Bartack Oziern K. 540
9 15 Ela stiC Attach merit Coverstitch Ya5imT. 540
9 16 Ela stir Attach merit Coverstitch Seda A 336
10 17 Elastic End Fastening Bartack IA elterre B. 486
Il 28 Thread Trimming IVlanuai Erdal T. 540
Il 19 Thread Trimming Manual Nebahat K. 195
12 20 Ironing ironing Board Aslihan K. 540
12 21 Ironing Ironing Board Zeki b. 444
13 22 Quality Control Manual Hillya Y. 540
13 23 Quality Control Manual Kadriye A. 493,5

The workload distribution for each workstation can be analyzed using the cumulative chart presented in Figure 8.

Yamazumi Chart ACCORSIng 1o STIBON Number

Figure 8 Yamazumi chart in the digital line balancing program.

n
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Table 3 provides a detailed comparison of key performance metrics,
illustrating the effects of the optimization algorithm on production
efficiency. It outlines the metrics analyzed, including production
output, line efficiency, and workforce utilization, highlighting the
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notable improvements observed post-implementation. The data
presented underscores the effectiveness of the optimization strategy in
enhancing operational performance without increasing working hours
or overwhelming resources.

Table 3 Comparison of performance metrics before and after optimization

Operational metric Before optimization After optimization Difference Percentage change
Daily Production Quantity 768 pieces 1500 pieces +732 pieces +95.31%

Daily Working Time 540 min 540 min

Total Actual Standard Time 7.39 min 7.39 min

Line Efficiency 70.08% 89.25% 19.17% 27.35%

Number of Current Operators 15 employees 23 employees +8 people +53.33%

Labour Productivity 51 pieces 65 pieces +14 pieces +27.45%

This study’s findings underscore the substantial efficiency gains
achievable through algorithmic optimization of production lines. The
implementation of the optimization algorithm yielded a significant
increase in overall line efficiency, measured as a 27.35% improvement
compared to traditional, non-optimized methods. This enhancement
can be attributed to the algorithm’s capacity to effectively distribute
workloads across the production line, leading to improved operator
performance, more efficient resource utilization, and a smoother,
more balanced workflow.

Furthermore, the optimization strategy resulted in a notable
27.45% increase in per-operator production output, highlighting the
positive impact of efficient workload management on individual
productivity. This translated to an increase from 51 units to 65 units
produced per operator, demonstrating that optimized task allocation
enables individual operators to contribute more effectively to the
overall production process.

Beyond individual operator gains, the digital algorithm
demonstrated its capacity for dynamic resource allocation by
calculating the minimum number of operators required to meet
fluctuating production demands. In the current scenario, achieving
a daily production target of 1,500 units necessitated the algorithm’s
recommendation to increase the operator count from 15 to 23, with
corresponding task assignments generated to maintain a balanced
workflow. This adaptability is essential for sustaining efficiency in
dynamic production environments characterized by variable demand.

Conclusion

The implementation of Process Monitoring Devices (PMDs) as a
shop floor control technology presents manufacturers with a significant
opportunity to optimize production processes.'”? However, to fully
leverage these advancements, it is crucial to consider the broader
operational context and the interrelationships between processes.
When paired with Lean manufacturing principles, digitalization
fosters innovation and enhances operational efficiency.'?

Implementing digital lean management can lead to substantial
productivity gains and cost reductions, ranging from 10% to 30%,
depending on operational conditions. Real-time process monitoring,
a key component of digital lean management, provides management
with critical data that enables proactive risk assessment and informed
decision-making. By incorporating operators’ skills and performance
metrics, organizations can automate task assignments, thereby
maximizing sewing line efficiency.'

Digital line balancing algorithms, enhanced by user-friendly
software that integrates smoothly with existing practices and ERP
systems, improve production coordination by offering real-time data

for necessary adjustments. This increased visibility supports better
decision-making and allows for quick responses to operational issues.
Lean-based software algorithms specifically designed for sewing
line optimization help reduce time losses during model changes and
consider how different operations are connected, boosting overall
performance in the labor-intensive apparel sector. Continuous
monitoring and adjustments are essential for maintaining efficiency;
by identifying and addressing bottlenecks, organizations can ensure a
smooth workflow. Moreover, simulation applications can help refine
processes and maintain a consistent flow of work."

As the apparel industry increasingly embraces digitalization,
adopting optimization tools like digital line balancing algorithms has
become crucial for enhancing operational efficiency and maintaining
a competitive edge. These algorithms outperform traditional methods
by leveraging computational power and data analysis to optimize
resource allocation and workflow, ultimately maximizing efficiency
and minimizing waste.'®

In summary, adopting lean digitalization and sewing line balancing
strategies equips apparel businesses to enhance their competitiveness.
The capacity to rapidly adapt to shifting demands, coupled with a
commitment to operational excellence, is vital for thriving in today’s
dynamic market. These strategies not only boost efficiency but also
establish a foundation for continuous improvement and innovation,
ensuring that apparel businesses remain agile and adaptable.”
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