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Abstract: In supply chain management (SCM), goods and services flow from the raw materials
stage to the end user with complexities and uncertainty at each stage. Computer modeling and
simulation is a particularly useful method to examine supply chain operational issues because it can
solve operational complexities that are challenging and time consuming to analyze. Manufacturing
companies fear losing valuable time and assets during the manufacturing process; the inaccurate
estimation of raw materials, human capital, or physical infrastructure not only leads to monetary
loss for the manufacturing unit, but also has a detrimental effect on the environment. The purpose
of this paper is to demonstrate that system dynamics modeling (SDM) in sustainable supply chain
management (SSCM) can be applied to apparel manufacturing to optimize materials, labor, and
equipment usage. Utilizing system dynamics (SD), the manufacturing unit can improve sustainability
by reducing materials, labor, and equipment usage, which in turn reduces energy use. In our literature
review, we did not identify any study addressing supply chain simulation of the manufacturing of
shirts using SDM. We chose shirt manufacturing to demonstrate the model because of its relatively
simple manufacturing process. In our study, we conclude that SDM simulation is an efficient way to
optimize materials, labor, and equipment in apparel manufacturing. This leads to a more sustainable
manufacturing process, as the model simulates different manufacturing supply chain scenarios in
a risk-free environment, thereby minimizing waste and resources. Further, the outputs from the
STELLA® model can be used as inputs into a subsequent life cycle assessment (LCA) model to
determine the quantitative environmental impacts.

Keywords: systems dynamic modeling; sustainable supply chain management; shirt manufacturing;
modeling product manufacturing

1. Introduction

System dynamics modeling (SDM) is a powerful tool and computer-aided simulation
technique that can be applied to frame, understand, and discuss complex problems [1,2].
First called industrial dynamics [3], SDM was developed in the mid-1950s by Professor
Jay W. Forrester at the Massachusetts Institute of Technology [3,4]. SDM originates from
management and control engineering; this approach involves analyzing complex physical,
biological, and social systems from the perspective of feedback and delays [5,6].

SDM starts with specifying the scope and boundary of the problem and then maps
the problem in a visual environment as an interacting systems model that, through a
visual programming protocol, can be used to execute quantitative simulations of different
scenarios [7].

Supply chain management (SCM) involves managing the flow of goods and/or ser-
vices from the material stage to the end user [8–13]. A well-designed SCM system delivers
high-quality goods and services efficiently and reliably. It can be difficult to create an
efficient supply chain due to uncertainties and variabilities in materials flow, labor, and
equipment availability. To resolve this, managers must understand the causes and im-
pacts of these uncertainties and variabilities and work to reduce or eliminate them. The
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tools currently available for analyzing uncertainty are based on traditional mathematical
approaches, such as single-parameter or local sensitivity analyses [14] that do not take
variability into account. Since simulations can cope with variability, they are crucial for
analyzing supply chains. In SCM, companies can use computer simulations to study op-
erational problems that are difficult to model or solve analytically. Through simulation,
companies can analyze how an innovative inventory system, such as just-in-time (JIT),
would perform and how much it would cost without implementing it [15].

Many countries rely heavily on the apparel manufacturing industry to contribute to
their national economies [16,17]. Although it is truly global in nature [18], it is plagued with
several sustainability problems [19–21]. Excessive water and energy consumption, chemical
usage, waste generation, poor labor conditions, and a lack of supply chain transparency all
contribute to the environmental and social impacts of the industry. These issues pose serious
challenges for the industry and call for immediate attention and action. To create an ethical
and sustainable apparel manufacturing process, these issues must be addressed [22–24].

To address and improve sustainability and efficiency in apparel manufacturing, identi-
fying the factors leading to a low input–output ratio and high energy consumption in the
manufacturing industry is essential. These factors include inefficient production techniques,
poor SCM, inadequate energy management systems, material waste and inefficiency, a lack
of employee training and awareness, and the absence of sustainable practices. By address-
ing these factors and implementing appropriate measures, manufacturers can improve
their input–output ratio and reduce energy consumption, leading to a more efficient and
sustainable manufacturing process [25–28].

Increased globalization of the apparel industry has led to many sustainable supply
chain management issues. The sustainability of the supply chain in apparel manufacturing
is heavily influenced by uncertainty and variability. To ensure that the entire process
runs smoothly, understanding the influence of uncertainty and variability on supply chain
sustainability is essential. Uncertainty refers to the lack of predictability or knowledge
about future events, while variability represents the degree of change or inconsistency in
processes. In the context of the supply chain, both uncertainty and variability can arise
from factors such as demand fluctuations, supply disruptions, price volatility, and changing
consumer preferences. Uncertainty and variability in the supply chain can significantly
affect environmental, social, and economic sustainability efforts. Managing uncertainty
effectively through accurate demand forecasting, efficient transportation planning, and
strong supplier relationships is crucial for sustainability. Minimizing variability through
robust quality control measures, efficient manufacturing processes, and waste reduction
strategies also play a vital role. By addressing these challenges, the apparel manufacturing
industry can enhance its supply chain sustainability and contribute to a more sustainable
future [29–34].

Apparel manufacturing in SDM models embodies various characteristics that prioritize
sustainability, efficiency, and responsibility. Through an integrated supply chain, sustain-
able materials, energy efficiency, waste reduction, ethical labor practices, and technology
adoption, manufacturers can create a more sustainable and responsible manufacturing
process [34–36].

While there are many issues that impact the apparel manufacturing supply chain
as mentioned above, the focus of this paper is to demonstrate how SDM can be used
as a decision-making tool to make sustainable decisions in shirt manufacturing when
confronted with dynamic systems. Due to its relatively simple manufacturing process,
we chose shirt manufacturing as the example, with a focus on optimizing material flow,
labor, and equipment utilization throughout the process. We built an SDM model using
STELLA® (Systems Thinking, Experimental Learning Laboratory with Animation) to model
the supply chain manufacturing of shirts. To optimize material flow, labor, and equipment
utilization, we ran simulations comparing the initial and optimal scenarios to demonstrate
the sustainability benefits.
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To demonstrate how this model can impact supply chain sustainability, we optimized
the initial scenario and achieved a 14% decrease in fabric utilization, and a 33% decrease in
equipment usage. This scenario led to a more sustainable supply chain, with a 24% increase
in shipped products, while decreasing material inventory buildup by a factor of 3.5 over
15 days.

This paper is structured as follows. In Section 2, the study is justified, and its intended
contribution is outlined, including a literature review and SDM approaches in sustainable
supply chain management (SSCM). In Section 3, we outline the hypothesis and research
questions in this study. In Section 4, we discuss the materials and methods used in this
study. In Section 5, the simulation results are shown and then discussed in Section 6. The
paper ends with conclusions and opportunities for future research also in Section 6.

2. Literature Review

This literature review focuses on system dynamics modeling, including its use for
supply chain management and sustainable supply chain management. These sections are
followed by a review of sustainable supply chain management in apparel manufacturing,
and the use of system dynamics modeling in apparel manufacturing supply chains. The
last subsection identifies the research gap and presents our proposed contribution.

2.1. System Dynamics Modeling and Its Applications in Supply Chain Management

SDM was originally developed in the context of SCM, but it has a broad range of
applications. SDM is now used in both the public and private sectors to help analyze and
design policies [3]. It is used in policy development and organizational planning [4,12],
public policy and management [13], behavioral economics [14], dynamics with complex
nonlinearities [15], modeling in biology and medicine [16], natural and social science
theory development [17], energy and the environment [18], dynamic decision-making pro-
cesses [19], software development/engineering [20], and supply chain management [21–23].
This approach applies to complex problems in managerial, social, ecological, or economic
systems; in fact, it applies to any dynamic system characterized by interconnection, mutual
dependence, information flow, and circularity [6].

Through system dynamics (SD) models, various aspects of business operations [24,25]
have been studied, such as strategic management [26], the management of manufacturing
resources and capabilities [25,27], and marketing capabilities [28].

Recently, SDM has re-emerged in SCM after a prolonged period of dormancy. Recent
research on SDM in SCM centers on inventory management and policies, time efficiency,
demand augmentation, supply chain planning and implementation, and global supply
chain management [2].

Several different conceptual frameworks and models for analysis have been proposed
recently for SCM [37]. SDM has been used rarely in those frameworks and models, but
given supply chain complexity, it has recently gained popularity [38]. Supply chains include
numerous actors who organize the flow of materials and goods by sharing information.
A supply chain system’s dynamic behavior is determined by various factors, including
uncertainties in customer demand, multiple suppliers, various logistic routes, and different
inventory methods. Supply chains are governed by uncertainty; therefore, SD simulations
are helpful [38,39].

Over the last two decades, SD simulation has gained more attention as a tool for
analyzing SCM. Forrester [3] initiated SD modeling to simulate production–distribution
system interactions, among various supply chain actors. In complex SD models, variables
are linked by nonlinear relationships, and feedback loops lead to uncertain system behav-
ior [40]. Angerhofer and Angelides [5] developed categories of SD models for inventory
management, amplification of demand, supply chain redesign, and international SCM. The
authors examined these areas from the perspective of identifying and solving problems, and
enhancing modeling approaches by providing exemplar models and studies that illustrated
the applicability of SD to decision-making [5].
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SD is used to model forward and reverse supply chains. In both manufacturing and
supply chain-related applications, reverse and closed-loop supply chains are prevalent be-
cause SD models are based on feedback loops. Due to the dominant motivation of economic
value recovery and not social and environmental objectives, reverse and closed-loop supply
chains are not considered sustainable [41,42]. The reverse and closed-loop supply chain
may lead to a more sustainable manufacturing approach by restoring financial returns,
protecting natural resources, reducing pollution, and considering the social implications of
supply chains. Feedback loops in circular economies and closed-loop supply chains require
new SSCM requirements [43,44]. To address these challenges, SDM and a system thinking
perspective may be beneficial in assisting sustainable decision-making and understanding
complex supply chain systems.

2.2. System Dynamics Modeling for Sustainable Supply Chain Management

In SCM, customer and stakeholder requirements arise from the economic, environ-
mental, and social dimensions of sustainable development [8–12]. The SSCM concept
combines sustainability and SCM [45–47]. As part of a sustainable supply chain, members
are expected to meet environmental and social standards, as well as customer needs and
related economic requirements, to remain in the chain [48–51].

The literature on SDM for sustainable operations and SCM is sparse compared to well-
known modeling methodologies, such as multi-criteria decision-making (MCDM) or linear
optimization. MCDM, also known as multiple-criteria decision analysis (MCDA), entails
analyzing various options for an event or area of research, which can encompass a range
of subjects, including social sciences, medicine, daily life, engineering, and more [52–55].
Linear optimization or linear programming is the process of optimizing a linear function,
known as the objective function, subject to linear constraints, such as equality or inequality.
It is extensively used in theoretical computer science [56,57]. Only a few conference
proceedings that exclusively addressed SCM, sustainable manufacturing, or operations,
could be determined [58–62], which integrated manufacturing in environmental, financial,
and social domains using a broad conceptual approach and SD model. Although the model
is not studied in depth, the authors defined key components within each domain and
outlined possible flow and stock variables for building the model.

Kibira [58] presented an SD model framework for sustainable manufacturing to facili-
tate collaboration among researchers across the globe. It identifies four domains of relevant
factors in the framework, including social, manufacturing, financial, and environmental.
While the model is not analyzed in detail, it lists crucial components within each domain
and identifies possible stock and flow variables for the model building. Likewise, Zhang [2]
emphasized sustainable manufacturing and proposed a general framework for SD model
development that incorporates sustainability metrics, considering the significance of sys-
tems thinking in engineering management.

Wofuru-Nyenke [63] presented an approach to classifying manufacturing supply
chain models by categorizing them into simulation models, hybrid models, mathematical
models, and variations [63]. The study found that while simulation models and hybrid
models have increased in use, mathematical models are used more for modeling sustainable
manufacturing supply chains.

2.3. Sustainable Supply Chain Management in Apparel Manufacturing

It is particularly crucial to implement SSCM in the apparel manufacturing industry,
which is highly labor intensive, uses materials with environmental effects, and relies
heavily on global sourcing [64–67]. Therefore, SSCM in the apparel manufacturing industry
is a crucial area of research for both industry and academia [68,69]. SSCM issues in
the apparel industry often center on corporate social responsibility [70–72], wages, fair
treatment, workplace safety [73–75], carbon footprints [76], sustainable partnerships [77],
sustainability education [78], and forecasting accuracy [79]. These issues have been studied
from operational management [35,80–84] and strategic management [85–88] perspectives.
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Manufacturing in apparel supply chains generates challenges, including energy and
resources usage, labor rights, and waste creation. The literature has extensively explored
sustainability in the manufacturing process. Pineda-Henson [89] explored green produc-
tivity to improve resource efficiency and waste reduction in sustainable manufacturing.
The authors found that water consumption, energy consumption, and land ecotoxicology
played key roles in green productivity [89]. Ghazinoory [90] explored the implementation
of a clean manufacturing approach in Iran for the promotion of industrial sustainabil-
ity. This research found that the apparel industry is most in need of cleaner production
practices [90]. Jin Gam [91] presented a “cradle-to-cradle apparel design” approach for
sustainable apparel manufacturing. Using the proposed model, the authors demonstrated
colorfastness and reliable function [91].

Jordeva found that most apparel cutting waste generated during apparel manufactur-
ing in Macedonia is disposed of in landfills and identified a lack of investment in recycling
infrastructure [92]. Wickramasinghe studied manufacturing issues in the apparel manu-
facturing industry and found that cost reduction and quality enhancement were positive
effects of total productive maintenance [93]. Pinheiro examined the textile solid waste
generated in the garment manufacturing industry in Brazil and suggested reusing raw
materials for sustainability [94]. Van der Velden used social life cycle assessment (S-LCA)
to analyze the production system in apparel supply chains. According to the author, the
S-LCA considers five social issues: wage standards, child labor, poverty, working hours,
and health and safety issues [95]. Hirscher offered a consumer-engaged design strategy,
which aims to engage consumers in social manufacturing through participatory design [96].

2.4. System Dynamics Modeling for Supply Chain Management in Apparel Manufacturing

SDM in apparel SCM is rarely used. We only identified a few papers using SDM in
apparel manufacturing supply chains.

Bala [97] used an SDM of supply chains in the ready-made garment (RMG) industry
in Bangladesh for policy analysis and simulated it for the sustainable shipment of garments.
The study concluded that the proposed model can be efficiently applied to developing
policy scenarios. It can also be used to create a better supply chain approach for sustainable
growth for RMGs and to optimize the model for further research in the future [97]. Issa [98]
examined the performance of the apparel supply chain involving mass customization,
using an SDM. This study showed that, under mass customization, the various products,
lead times, return policies, and quality levels had a significant impact on supply chain
profitability [98]. Wilson [83] examined the role that the government can play, through
its industrial policy, in enhancing competitiveness in apparel manufacturing in Trinidad
and Tobago. Using SDM and simulation to analyze data for vertical policies, the study
found that three interrelated elements affected apparel manufacturing: the market, apparel
products, and productive resources [99].

Mehrjoo examined the fast fashion apparel industry because of its features, including
products with a short life cycle, fluctuating demand, uncertainty, impulse buying, high
competition for price, and global sourcing. To analyze the fast fashion apparel industry’s
behavior and relationships, an SDM was developed for investigating the relationships
and behavior of the fast fashion apparel industry with the supply chain [100]. Lidia [101]
constructed a supply chain model for a small and medium-sized enterprise in Indonesia by
utilizing SD. The purpose of using SD was to introduce a decision support system, which
helped management to determine the most effective business strategies [101]. Corinna
Cagliano [102] employed SD to simulate the warehouse operations of a leading fast fashion
vertical retailer. The author demonstrated case scenario simulations of how warehouse
policies can be defined to increase efficiency, reduce costs, reduce inventory, and reduce
lead times [102].

Haddad [103] provided a case study on lean implementation at a garment manu-
facturer in Lebanon. The author constructed an SD model of the production process to
simulate the long-term effects of complementary lean techniques on system performance,
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and concluded that SD models can be used as decision-making tools to mitigate undesirable
impacts and ensure the sustainability of lean initiatives over time [103].

2.5. Identified Research Gap and the Study’s Proposed Contribution

The research gap identified in this literature review is that SDM in SCM is rarely used
as a sustainability decision-making tool in apparel manufacturing. We identified a few
papers that use SDM in the apparel manufacturing industry, in general. We did not identify
any study specifically addressing supply chain simulation of sustainable manufacturing
of apparel using SDM. To the best of our knowledge, our paper is the first to use SDM
to simulate a supply chain for apparel manufacturing to make it more sustainable. Since
apparel manufacturing is unavoidably accompanied by waste generation [67,104,105], our
paper contributes by demonstrating how SDM can be used as a decision-making tool to
make sustainable decisions in apparel manufacturing.

3. Hypothesis and Research Questions

Our hypothesis is that SDM in SSCM is an efficient way to optimize materials, labor,
and equipment in apparel manufacturing. Furthermore, we hypothesize that this would
lead to a more sustainable manufacturing process.

RQ1: Can STELLA® be used to model shirt manufacturing supply chains?

RQ2: Does the model allow for the simulation of the shirt manufacturing supply chain?

RQ3: Can these simulations be used to optimize material, labor, and equipment usage?

RQ4: Does the simulation output inform the development of a more sustainable supply chain
management strategy?

4. Materials and Methods
4.1. SDM Software

Various SDM software packages are available. The most used software packages are:
DYNANO 1.7.6, STELLA® 3.5.0, Powersim Studio 10, and Vensim® 10.1.0. Other products
can also be used to construct models, including Anylogic 8.8.4, Goldsim 14.0, Berkeley
Madonna 10, and SimGua 3.7 [106]. We chose STELLA® for our study because it offers a
balance on the price, ease of use, and strength of the features compared to other software
on the market.

STELLA® is a system dynamics software that uses four building blocks: stocks, flows,
converters, and connectors (Figure 1). A stock is the measurable quantity of something
(e.g., a material, a product, currency, people, etc.) that either grows or depletes over time.
A flow is the mechanism by which the stock increases or decreases over time, by flowing
the “measurable something” into or out of the stock. A converter takes input data and
manipulates or converts them into an output signal that modulates the stocks and flows in a
model. A connector (red arrow in Figure 1) allows information to pass between converters,
stocks, and flows, to modify parameters in a model. The cloud in Figure 1 indicates the
boundary of the system and identifies the scope of the model. Simulations only consider
changes within the system boundary of the model.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 24 
 

 
Figure 1. Four building blocks. 

The steps involved in building a STELLA® model for SCM are: 
1. Define the objective of the product’s supply chain. 
2. Establish the project scope by identifying its boundaries, inputs, and outputs. 
3. Define the functional unit as a specific number of goods produced per day. 
4. Create the STELLA® model using all four building blocks. 
5. Add equations with conditional statements to the flow, such as “if_then_else”. 
6. Create and add initial conditions for each stock and converter. 
7. Run the model and monitor the stocks and flows for the inputs given (i.e., a given 

scenario). 
8. Change the inputs and rerun the model for different scenarios until the material flows 

and waste are minimized. 

4.2. Elements of SDM 
Many factors must be considered while building an SDM. Below are the most essen-

tial elements: 
1. Appropriate units of measurement must be specified for each model variable to pre-

vent formulation errors. 
2. Model equations must have self-consistent units. In other words, the left and right 

sides of each equation should reduce to the same units. 
3. All stocks within a flow chain must have the same units of measurement. 
4. Stocks must be defined with an initial value at time equals zero. 

4.3. Supply Chain Model of the Manufacturing Process for Shirts 
The SD model in this paper simulates the supply chain and manufacturing process 

of up to 1000 pieces of shirts that are produced and shipped in one day. Fabric consump-
tion per shirt was chosen as a typical value for manufacturing women’s woven shirts. We 
chose 1000 pieces per day as an example for ease of calculation. Figure 2 is the SD model 
using STELLA®, simulating the manufacturing process for a shirt. In this model, fabric 
and garment fusing is transported into the factory to manufacture a shirt. (Fusing is small 
strips of fabric that stabilize and support panels of fabric in garment assembly). Fabric and 
fusing are then cut into pieces for subsequent assembly. In the cutting process, fabric and 
fusing waste occurs. After the cutting process, fusing is attached to the shirt panels. Tailors 
or sewing operators make shirts, using sewing machines, from unstitched shirt panels. 
Afterward, buttons are attached. Finishing department workers attach tags to the shirts. 
They also trim uncut thread tails, remove stains, and press the shirts. Once the shirts are 
tagged and finished, they are inspected for quality. Defective shirts are rejected during 
quality inspection. The shirts that pass the quality inspection are then packed and 
shipped. 

Figure 1. Four building blocks.

The steps involved in building a STELLA® model for SCM are:
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1. Define the objective of the product’s supply chain.
2. Establish the project scope by identifying its boundaries, inputs, and outputs.
3. Define the functional unit as a specific number of goods produced per day.
4. Create the STELLA® model using all four building blocks.
5. Add equations with conditional statements to the flow, such as “if_then_else”.
6. Create and add initial conditions for each stock and converter.
7. Run the model and monitor the stocks and flows for the inputs given (i.e., a given

scenario).
8. Change the inputs and rerun the model for different scenarios until the material flows

and waste are minimized.

4.2. Elements of SDM

Many factors must be considered while building an SDM. Below are the most essential
elements:

1. Appropriate units of measurement must be specified for each model variable to
prevent formulation errors.

2. Model equations must have self-consistent units. In other words, the left and right
sides of each equation should reduce to the same units.

3. All stocks within a flow chain must have the same units of measurement.
4. Stocks must be defined with an initial value at time equals zero.

4.3. Supply Chain Model of the Manufacturing Process for Shirts

The SD model in this paper simulates the supply chain and manufacturing process of
up to 1000 pieces of shirts that are produced and shipped in one day. Fabric consumption
per shirt was chosen as a typical value for manufacturing women’s woven shirts. We
chose 1000 pieces per day as an example for ease of calculation. Figure 2 is the SD model
using STELLA®, simulating the manufacturing process for a shirt. In this model, fabric
and garment fusing is transported into the factory to manufacture a shirt. (Fusing is small
strips of fabric that stabilize and support panels of fabric in garment assembly). Fabric and
fusing are then cut into pieces for subsequent assembly. In the cutting process, fabric and
fusing waste occurs. After the cutting process, fusing is attached to the shirt panels. Tailors
or sewing operators make shirts, using sewing machines, from unstitched shirt panels.
Afterward, buttons are attached. Finishing department workers attach tags to the shirts.
They also trim uncut thread tails, remove stains, and press the shirts. Once the shirts are
tagged and finished, they are inspected for quality. Defective shirts are rejected during
quality inspection. The shirts that pass the quality inspection are then packed and shipped.
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The SD model in Figure 2 was developed using 6 stocks, 17 converters and 9 flows.
They are listed in Tables 1–3, respectively.
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Table 1. Stocks.

Serial Nos. Stocks
(All Numbers Are per Day) Description

1. Inhouse Fabric and Fusing In-house quantity of fabric and fusing required
to make up to 1000 shirts.

2. Unstitched Shirt Panels with
Fusing

Quantity of unstitched, cut shirt panels attached
with fusing.

3. Stitched Shirt The number of shirts stitched.

4. Shirts with Buttons The number of shirts with buttons attached.

5. Finished Shirt The number of shirts finished after completing
the tagging, finishing, and quality inspection.

6. Packed Shirt The number of shirts packed for shipping.

Table 2. Converters.

Serial Nos. Converters Description

1. Fabric Consumption per Piece The amount of fabric consumed to manufacture
one shirt.

2. Fabric in Yards The fabric yardage required to manufacture up
to 1000 shirts per day.

3. Fusing in Yards The fusing yardage required to manufacture up
to 1000 shirts per day.

4. Fusing Consumption per Piece The amount of fusing consumed to manufacture
one shirt.

5. Cutting and Fusing Attachment
Rate

The number of shirt panels cut and fused per
day.

6. Labor
The amount of labor (in full-time equivalent
employees) required to cut shirt panels and
attach fusing to the panels per day.

7. Cutting and Fusing Waste fraction: the fraction of fabric and fusing
waste generated from cutting.

8. Stitching Rate The number of shirts sewn by a tailor using a
sewing machine per day.

9. Tailors The number of tailors required to sew up to 1000
shirts per day.

10. Buttoning Rate The number of shirts buttoned per day by one
laborer.

11. Buttoning Labor The amount of labor needed to attach buttons to
shirts per day.

12. Finishing and Tagging Rate The number of shirts finished and tagged by one
laborer per day.

13. Finishing and Tagging Labor The amount of labor required to finish the shirts
and add hand tags per day.

14. Failed Quality Fraction The fraction of shirts rejected during inspection
due to poor quality.

15. Packing Rate The number of shirts packed for shipping by one
laborer per day.

16. Packers The amount of labor required to pack up to 1000
shirts per day.

17. Shipment Rate The number of shirts shipped per day.
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Table 3. Flows.

Serial Nos. Flows Description

1. Fabric and Fusing Transport The rate at which fabric and fusing are
transported to the factory.

2. Cutting and Fusing Attachment The rate at which shirt panels are cut and
attached to the fusing.

3. Cutting and Fusing Waste The rate of waste generation by cutting and
fusing.

4. Stitching The rate at which shirts are sewn.

5. Buttoning The rate at which shirts are buttoned.

6. Tagging and Finishing The rate at which shirts are finished and tagged.

7. Quality Inspection The rate at which shirts pass quality inspection.

8. Packing The rate at which shirts are packed for shipping.

9. Shipping The rate at which shirts are shipped.

4.4. Development of SDM Converters, Flow Equations, and Stock Equations for This Model

The next step in this model is to generate the equations for all the flows and stocks,
along with all the initial values of the converters. This must be conducted for each of the
32 flows, converters, and stocks in this model. To demonstrate this, we isolated one specific
stock in Figure 3, along with the flows and converters associated with that stock, Unstitched
Shirt Panels with Fusing, in the model.
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4.4.1. SDM Converters in Figure 3

As shown in the Cutting and Fusing Attachment flow in Figure 3, for the cutting and
fusing attachment process to take place, labor is needed to cut the fabric and attach fusing
to the shirt panels. The number of laborers depends on the rate at which they can cut the
required number of shirt panels in one day. These numbers are inserted in the converters
as input values. Similarly, for the Stitching flow, tailors are needed to sew the shirts. The
number of tailors and the rate at which shirts are stitched in a day are entered into their
converters, respectively. The converters used in Figure 3 are listed in Table 4.
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Table 4. Converters in Figure 3.

Serial Nos. Converter Converter’s Variable Name Unit

1. Cutting and Fusing
Attachment Rate Cutting_&_Fusing_Attachment_Rate Pieces/day

2. Labor Labor Unitless

3. Cutting and Fusing Waste
Fraction

Cutting_&_Fusing_
Waste_Fraction Unitless

4. Stitching Rate Stitching_Rate Pieces/day

5. Tailors Tailor Unitless

4.4.2. SDM Flow Equations in Figure 3

Each flow equation in Table 5 is constructed as an “if_then_else” statement. So, for
the Stitching flow #3, in Table 5, if the converters Stitching Rate and Tailors were two shirts
per day/tailor and 500 tailors, respectively, then the maximum Stitching flow would be
1000 shirts per day. If the stock Unstitched Shirt Panels with Fusing were 800 shirts/day, then
the maximum Stitching flow would be limited to 800 shirts/day. On the other hand, if the
stock Unstitched Shirt Panels with Fusing were 1200 shirts/day, then the Stitching flow would
be limited to its maximum rate of 1000 shirts/day.

Table 5. Flows in Figure 3.

Serial Nos. Name of the Flow Equation Unit

1. Cutting and Fusing
Attachment

IF (Inhouse_Fabric_&_Fusing/DT) < (Cut-
ting_&_Fusing_Attachment_Rate*Labor)
THEN (Inhouse_Fabric_&_Fusing/DT)
ELSE (Cut-
ting_&_Fusing_Attachment_Rate*Labor)

Pieces/day

2. Fabric and Fusing
Cutting Waste

(Cutting_&_Fusing_Attachment*Fabric_
and_Fusing_Cutting_Waste_Fraction) Pieces/day

3. Stitching

IF (Un-
stitched_Shirt_Panels_with_Fusing/DT)
< (Stitching_Rate*Tailors) THEN (Un-
stitched_Shirt_Panels_with_Fusing/DT)
ELSE (Stitching_Rate*Tailors)

Pieces/day

4.4.3. SDM Stock Equation in Figure 3

Stock equations are mass balances of the flows in and out of the stock (Equation (1)).

Stock (t) = Stock (t − dt) + ∑ Inflows − ∑ Outflows (1)

dt = the time step in the model run (here, 1 day)
t = a particular time point in the model run (here, 1–15 days)
Specifically, in Table 6, the inflow is Cutting and Fusing Attachment, and the two

outflows are Stitching and Fabric and Fusing Cutting Waste Fraction.

Table 6. Stock in Figure 3.

Serial Nos. Name of the Stock Equation of Stock Unit

1. Unstitched Shirt Panels
with Fusing (t)

Unstitched Shirt Panels with Fusing
(t − dt) + Cutting and Fusing
Attachment (t) − Stitching (t) − Fabric
and Cutting Fusing Waste (t)

Pieces per day



Sustainability 2023, 15, 15353 11 of 24

Following this procedure, the remainders of the flows, stocks, and converters are
developed and are described in Appendix A in Tables A1–A3, respectively.

Based on the information provided in this section, we have demonstrated that STELLA® can
be used to model the shirt manufacturing supply chain, answering RQ1, can STELLA® be used to
model shirt manufacturing supply chains?

5. Simulation Results
5.1. Initial Simulation

Figure 4 depicts our initial simulation using this model. The converter values for this
simulation are shown in Table 7. The results of all the values on the flows and stocks as a
function of time, from 1 to 15 days, are shown in Tables A4 and A5 in Appendix B.
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Table 7. Converter inputs for initial simulation run.

Serial Nos. Converters Initial Simulation’s Input Values

1. Fabric in Yards 2500

2. Fabric Consumption per Piece 2

3. Fusing in Yards 2.2

4. Fusing Consumption per Piece 0.002

5. Cutting and Fusing Attachment Rate 4000

6. Labor 0.3

7. Fabric and Fusing Cutting Waste Fraction 0.02

8. Stitching Rate 3

9. Tailors 530

10. Buttoning Rate 75

11. Buttoning Labor 15

12. Finishing and Tagging Rate 105

13. Finishing and Tagging Labor 11

14. Failed Quality Fraction 0.05

15. Packing Rate 80

16. Packers 10

17. Shipment Rate 1000
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As shown in Tables A4 and A5, these conditions are not optimum because some stocks
and flows are increasing with time, indicating the buildup of materials in the supply chain.
This is due to “choke points” in the supply chain, where resource limitations prevent
processing of the material at a sufficient rate, leading to material buildup.

Although these converter values do not lead to optimum supply chains, this demonstrates that
the model can be used to stimulate the shirt manufacturing supply chain, answering RQ2, does the
model allow for the simulation of the shirt manufacturing supply chain?

5.2. Optimized Simulation

Figure 5 depicts our optimized simulation using this model. The converter values for
this simulation are shown in Table 8. The results of all the values on the flows and stocks as
a function of time, from 1 to 15 days, are shown in Tables A6 and A7 in Appendix C, along
with the analysis of the optimized simulation.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 24 
 

 
Figure 5. Optimized simulation. 

Table 8. Converter inputs for optimized simulation. 

Serial Nos. Converters 
Optimized Simulation Input 
Values 

1. Fabric in Yards 2144 
2. Fabric Consumption per Piece 2 
3. Fusing in Yards 2.2 
4. Fusing Consumption per Piece 0.002 
5. Cutting and Fusing Attachment Rate 4000 
6. Labor 0.3 
7. Fabric and Fusing Cutting Waste Fraction 0.02 
8. Stitching Rate 2 
9. Tailors 530 
10. Buttoning Rate 75 
11. Buttoning Labor 15 
12. Finishing and Tagging Rate 105 
13. Finishing and Tagging Labor 11 
14. Failed Quality Fraction 0.05 
15. Packing Rate 80 
16. Packers 13 
17. Shipment Rate 1000 

As shown in Tables A6 and A7, these conditions are optimum because all stocks and 
flows are now constant with time, indicating no buildup of materials in the supply chain 
and, therefore, no resource limitations preventing the processing of the material at an op-
timum rate. 

The following algorithm was used to obtain the optimized converter values in Table 8. 
1. Starting with the final stock in the supply chain, determine if the stock is increasing 

or decreasing with time. 
2. Adjust the converters that impact the input flow to that stock and re-run the simulation. 
3. Repeat step 2 until the stock value remains unchanged with time. 
4. Move to the next upstream stock in the supply chain and repeat steps 1 through to 3 

for that stock. 
5. Repeat this process until the initial flow at the beginning of the supply chain model 

is reached. 

  

Figure 5. Optimized simulation.

Table 8. Converter inputs for optimized simulation.

Serial Nos. Converters Optimized Simulation Input Values

1. Fabric in Yards 2144

2. Fabric Consumption per Piece 2

3. Fusing in Yards 2.2

4. Fusing Consumption per Piece 0.002

5. Cutting and Fusing Attachment Rate 4000

6. Labor 0.3

7. Fabric and Fusing Cutting Waste Fraction 0.02

8. Stitching Rate 2

9. Tailors 530

10. Buttoning Rate 75

11. Buttoning Labor 15

12. Finishing and Tagging Rate 105

13. Finishing and Tagging Labor 11

14. Failed Quality Fraction 0.05

15. Packing Rate 80

16. Packers 13

17. Shipment Rate 1000
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As shown in Tables A6 and A7, these conditions are optimum because all stocks and
flows are now constant with time, indicating no buildup of materials in the supply chain
and, therefore, no resource limitations preventing the processing of the material at an
optimum rate.

The following algorithm was used to obtain the optimized converter values in Table 8.

1. Starting with the final stock in the supply chain, determine if the stock is increasing or
decreasing with time.

2. Adjust the converters that impact the input flow to that stock and re-run the simulation.
3. Repeat step 2 until the stock value remains unchanged with time.
4. Move to the next upstream stock in the supply chain and repeat steps 1 through to 3

for that stock.
5. Repeat this process until the initial flow at the beginning of the supply chain model

is reached.

5.3. Analysis of Optimized Supply Chain for Sustainability

By following the algorithm described above, three specific interlinked converters, as
shown in Table 9, have been chosen to optimize as a group, to alleviate material buildup in
the supply chain.

Table 9. Converter inputs for initial and optimized simulation from Tables 4 and 5, respectively.

Serial Nos. Converters Initial Simulation
Input Values

Optimum Simulation
Input Values

1. Fabric in Yards 2500 2144

8. Stitching Rate 3 2

16. Packers 10 13

As shown in this example in Table 9, the fabric yardage (material) was reduced by
more than 14%; the stitching rate (equipment usage) was reduced by more than 33%; and
the packers (labor) needed increased by 30%. We were able to increase the final shipped
shirts by more than 24% (from 800 pieces to 998 pieces), achieving our target of shipping
up to 1000 shirts in a more sustainable way. All the converter values are interlinked and are
optimized as a group in the simulation, so that all the stocks in the model reach equilibrium
values and do not increase or decrease over time.

The algorithm presented here adjusts the converter values to optimize material, labor, and
equipment use, leading to a more sustainable supply chain, answering RQ3, can these simulations
be used to optimize material, labor, and equipment usage?

6. Discussion on Simulation Results and Conclusions

As shown in our model, material flow optimization can be achieved depending on
the units of production, thereby reducing waste, and saving costs and resources. Figure 5
shows the optimum scenario for this model, in which up to 1000 shirts are manufactured
and shipped in one day. In this scenario, the use of materials, labor, and equipment is
optimized, leading to a more sustainable manufacturing process. In comparison, Figure 4
shows an unbalanced, non-optimum scenario for the same model. The supply chain is
not stable in Figure 4 because of an excess inflow of material in Fabric in Yards, excess
equipment in Stitching Rate, and insufficient labor in Packers. This leads to the inefficient use
of materials, labor, and equipment in the manufacturing process. The initial and optimized
values for these three converters are shown in Table 9.



Sustainability 2023, 15, 15353 14 of 24

SDM can be particularly useful in situations where there is a need to make decisions
when there is uncertainty, particularly in the apparel manufacturing industry, which is
highly affected by uncertainties. By running multiple simulations and scenario analyses,
supply chain managers can assess the potential impact of different strategies and identify
potential bottlenecks or vulnerabilities within the system. Additionally, SDM can help
identify the leverage points in the supply chain, those areas where a small intervention can
have a significant impact on the overall system performance.

This can be especially valuable in optimizing inventory levels, improving customer
service, or reducing costs. Despite its numerous advantages, the adoption of SDM in the
apparel manufacturing supply chain has been relatively low. This can be attributed to vari-
ous factors, including the complexity of building and maintaining SDM, the requirement
for specialized skills and expertise, and the lack of awareness about the benefits of SDM.
However, as supply chains continue to grow in complexity, recognition of the need for
more sophisticated modeling approaches also grows. SDM offers a promising solution for
understanding and managing these complex systems effectively. The same basic method-
ology demonstrated here can be applied to a wide range of manufacturing processes and
supply chains, regardless of the product or the complexity of the manufacturing process.

Supply chain modeling can help organizations make better decisions, save money, im-
prove productivity, and increase sustainability, by reducing materials, labor, and equipment
usage, which in turn reduces energy use. Models such as these can be used to determine if a
new inventory system, such as JIT, would perform well from a sustainability point-of-view
and be cost effective, without having to implement the new system [22].

Our results suggest that SDM can be used in the apparel manufacturing supply
chain to identify areas where resources can be optimized (materials, labor, equipment
usage), to improve the efficiency and sustainability of the supply chain. The specific model
shown here is an example of an efficient way to assist shirt manufacturing companies in
making business decisions without fear of losing valuable time and assets, as the model
simulates different manufacturing supply chain scenarios in a risk-free environment. In
future work, outputs from models like this one can be used as inputs into subsequent
life cycle assessment (LCA) models to determine the quantitative environmental impacts.
Performing an SDM, as described in this paper, will inform the LCA goals and scoping
stage and provide quantitative material flow inputs for the life cycle inventory stage of
an LCA.

This analysis provides decision-makers with more accurate impact assessments on elements
such as energy consumption, global warming gases, solid waste, etc. that affect overall sustainability
strategies, answering RQ4, does the simulation output inform the development of a more sustainable
supply chain management strategy?
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Appendix A

Table A1. Flows and flow equations in Figure 2.

Serial Nos. Name of the Flow Equations Unit

1. Fabric and Fusing Transport
(Fabric_in_Yards + Fusing_in_Yards)/
(Fabric_Consumption_per_Piece+Fusing_
Consumption_per_Piece)

Pieces/day

2. Cutting and Fusing Attachment

IF (Inhouse_Fabric_&_Fusing/DT) <
(Cutting_&_Fusing_Attachment_Rate*Labor) THEN
(Inhouse_Fabric_&_Fusing/DT)
ELSE (Cutting_&_Fusing_Attachment_Rate*Labor)

Pieces/day

3. Fabric and Fusing Cutting
Waste Fraction

(Cutting_&_Fusing_Attachment*Fabric_
and_Fusing_Cutting_Waste_Fraction) Pieces/day

4. Stitching

IF (Unstitched_Shirt_Panels_with_Fusing/DT) <
(Stitching_Rate*Tailors) THEN
(Unstitched_Shirt_Panels_with_Fusing/DT) ELSE
(Stitching_Rate*Tailors)

Pieces/day

5. Buttoning
IF (Stitched_Shirt/DT) < (Buttoning_Rate*Buttoning_Labor)
THEN (Stitched_Shirt/DT) ELSE
(Buttoning_Rate*Buttoning_Labor)

Pieces/day

6. Tagging and Finishing

IF (Shirt_with_Buttons/DT) < (Finishing_and_Tagging_
Rate*Finishing_and_Tagging_Labor) THEN
(Shirt_with_Buttons/DT) ELSE
(Finishing_and_Tagging_Rate*Finishing_
and_Tagging_Labor)

Pieces/day

7. Quality Inspection (Failed_Quality_Fraction*Tagging_and_Finishing) Pieces/day

8. Packing IF (Finished_Shirt/DT) < (Packing_Rate*Packers) THEN
Finished_Shirt/DT ELSE (Packing_Rate*Packers) Pieces/day

9. Shipping IF (Packed_Shirt/DT) < (Shipment_Rate) THEN
(Packed_Shirt/DT) ELSE (Shipment_Rate) Pieces/day

Table A2. Stocks and stock equations in Figure 2.

Serial Nos. Stock Stock’s Variable Name Equation of Stock Unit

1. In-house
Fabric and Fusing In-house_Fabric_&_Fusing

Inhouse Fabric & Fusing (t) = Inhouse
Fabric & Fusing (t − dt) + Fabric and Fus
ing Transport (t) − Cutting and Fusing
Attachment (t)

Pieces/day

2. Unstitched Shirt
Panels with Fusing

Unstitched_Shirt_Panels_
with_Fusing

Unstitched Shirt Panels with Fusing (t) =
Unstitched Shirt Panels with Fusing (t −
dt) + Cutting and Fusing Attachment (t) −
Stitching (t) − Fabric and Cutting Fus-
ing Waste (t)

Pieces/day

3. Stitched
Shirt Stitched_Shirt Stitched Shirt (t) = Stitched

Shirt (t − dt) + Stitching (t) − Buttoning (t) Pieces/day

4. Shirt with Buttons Shirt_with_Buttons
Shirt with Buttons (t) = Shirt with But
tons (t − dt) + Buttoning (t) − Tagging and
Finishing (t)

Pieces/day

5. Finished Shirt Finished_Shirt
Finished Shirt (t) = Finished Shirt (t-dt) +
Tagging and Finishing (t) − Packing (t) − Quality
Inspection (t)

Pieces/day

6. Packed Shirt Packed_Shirt Packed Shirt (t) = Packed Shirt (dt − t) +
Packing (t) − Shipping (t) Pieces/day
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Table A3. Converters in Figure 2.

Serial Nos. Converter Converter’s Variable Name Unit

1. Fabric in Yards Fabric_in_Yards Yards/day

2. Fabric Consumption per Piece Fabric_Consumption_per_Piece Yards/pieces

3. Fusing in Yards Fusing_in_Yards Yards/day

4. Fusing Consumption per Piece Fusing_Consumption_per_Piece Yards/pieces

5. Cutting and Fusing Attachment Rate Cutting_&_Fusing_Attachment_Rate Pieces/day

6. Labor Labor Unitless

7. Fabric and Fusing Cutting Waste Fraction Fabric_and_Fusing_Cutting_Waste Fraction Unitless

8. Stitching Rate Stitching_Rate Pieces/day

9. Tailors Tailors Unitless

10. Buttoning Rate Buttoning_Rate Pieces/day

11. Buttoning Labor Buttoning_Labor Unitless

12. Finishing and Tagging Rate Finishing_and_Tagging_Rate Pieces/day

13. Finishing and Tagging Labor Finishing_and_Tagging_Labor Unitless

14. Failed Quality Fraction Failed_Quality_Fraction Unitless

15. Packing Rate Packing_Rate Pieces/day

16. Packers Packers Unitless

17. Shipment Rate Shipment_Rate Pieces/day

Appendix B

Table A4. Flow results for initial simulation.

Serial
Nos.

Fabric and
Fusing
Transport

Cutting
and Fusing
Attachment

Fabric and
Fusing
Cutting
Waste

Stitching Buttoning
Tagging
and
Finishing

Quality
Inspection Packing Shipping

1. 1.25 K 1 0.02 1 1 1 0.05 1 1

2. 1.25 K 1.2 K 24 0.98 1 1 0.05 0.95 1

3. 1.25 K 1.2 K 24 1.18 K 0.98 1 0.05 0.95 0.95

4. 1.25 K 1.2 K 24 1.18 K 1.13 K 0.98 0.049 0.95 0.95

5. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 0.931 0.95

6. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 0.931

7. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

8. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

9. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

10. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

11. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

12. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

13. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

14. 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800

Final 1.25 K 1.2 K 24 1.18 K 1.13 K 1.13 K 56.3 800 800
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Table A5. Stock results for initial simulation.

Serial Nos. In-House Fabric
and Fusing

Unstitched Shirt
Panels with Fusing Stitched Shirt Shirt with

Buttons
Finished
Shirt Packed Shirt

1. 1 1 1 1 1 1

2. 1.25 K 0.98 1 1 0.95 1

3. 1.3 K 1.18 K 0.98 1 0.95 0.95

4. 1.35 K 1.18 K 1.18 K 0.98 0.95 0.95

5. 1.4 K 1.18 K 1.23 K 1.13 K 0.931 0.95

6. 1.45 K 1.18 K 1.28 K 1.13 K 1.07 K 0.931

7. 1.5 K 1.18 K 1.33 K 1.13 K 1.34 K 800

8. 1.55 K 1.18 K 1.38 K 1.13 K 1.61 K 800

9. 1.6 K 1.18 K 1.43 K 1.13 K 1.88 K 800

10. 1.65 K 1.18 K 1.48 K 1.13 K 2.14 K 800

11. 1.7 K 1.18 K 1.53 K 1.13 K 2.41 K 800

12. 1.75 K 1.18 K 1.58 K 1.13 K 2.68 K 800

13. 1.8 K 1.18 K 1.64 K 1.13 K 2.95 K 800

14. 1.85 K 1.18 K 1.69 K 1.13 K 3.22 K 800

Final 1.9 K 1.18 K 1.74 K 1.13 K 3.49 K 800

Appendix C

Table A6. Flow results for optimized simulation.

Serial
Nos.

Fabric and
Fusing
Transport

Cutting
and Fusing
Attachment

Fabric and
Fusing Cutting
Waste Fraction

Stitching Buttoning
Tagging
and
Finishing

Quality
Inspection Packing Shipping

1. 1072 1072 0.02 1 1 1 0.05 1 1

2. 1072 1072 21 0.98 1 1 0.05 0.95 1

3. 1072 1072 21 1051 0.98 1 0.05 0.95 0.95

4. 1072 1072 21 1051 1051 0.98 0.049 0.95 0.95

5. 1072 1072 21 1051 1051 1051 53 0.0931 0.95

6. 1072 1072 21 1051 1051 1051 53 998 0.931

7. 1072 1072 21 1051 1051 1051 53 998 998

8. 1072 1072 21 1051 1051 1051 53 998 998

9. 1072 1072 21 1051 1051 1051 53 998 998

10. 1072 1072 21 1051 1051 1051 53 998 998

11. 1072 1072 21 1051 1051 1051 53 998 998

12. 1072 1072 21 1051 1051 1051 53 998 998

13. 1072 1072 21 1051 1051 1051 53 998 998

14. 1072 1072 21 1051 1051 1051 53 998 998

Final 1072 1072 21 1051 1051 1051 53 998 998
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Table A7. Stock results for optimized simulation.

Serial Nos. In-House Fabric
and Fusing

Unstitched Shirt
Panels with Fusing Stitched Shirt Shirt with

Buttons Finished Shirt Packed Shirt

1. 1 1 1 1 1 1

2. 1072 0.98 1 1 0.95 1

3. 1072 1051 0.98 1 0.95 0.95

4. 1072 1051 1051 0.98 0.95 0.95

5. 1072 1051 1051 1051 998 0.95

6. 1072 1051 1051 1051 998 0.931

7. 1072 1051 1051 1051 998 998

8. 1072 1051 1051 1051 998 998

9. 1072 1051 1051 1051 998 998

10. 1072 1051 1051 1051 998 998

11. 1072 1051 1051 1051 998 998

12. 1072 1051 1051 1051 998 998

13. 1072 1051 1051 1051 998 998

14. 1072 1051 1051 1051 998 998

Final 1072 1051 1051 1051 998 998

Below is the analysis of the optimized simulation in Figure 5:

1. Fabric and Fusing Transport (flow): Transporting the fabric and fusing into the factory
is the first step in our simulated model for manufacturing shirts. In our simulated
model, this flow is called Fabric and Fusing Transport. It refers to the rate that fabric and
fusing are transported to the factory. To calculate this flow, four converters were used:
Fabric in Yards, Fabric Consumption per Piece, Fusing in Yards, and Fusing Consumption
per Piece. Fabric in Yards refers to the total fabric yardage required to manufacture up to
1000 shirts per day. Its value is 2144 yards/day. Fabric Consumption per Piece refers to
the amount of fabric consumed to manufacture one shirt. Its value is two yards/piece.
Fusing in Yards is the total fusing yardage required to manufacture up to 1000 shirts
per day. Its value is 2.2 yards/day. Fusing Consumption per Piece is the amount
of fusing consumed to manufacture one shirt. Its value is 0.002 yards/piece. The
equation used for this flow is (Fabric_in_Yards+Fusing_in_Yards)/(Fabric_Consumption_
per_Piece+Fusing_Consumption_per_Piece). (2144 + 2.2)/(2 + 0.002). The value of Fabric
and Fusing Transport flow at its equilibrium is 1072 pieces/day.

2. In-house Fabric and Fusing (stock): After transporting the fabric and fusing into the
factory, the next step is inventory of the in-house fabric and fusing. In the model,
this inventory is called In-house Fabric and Fusing. To calculate this stock, one stock,
one inflow, and one outflow were used: In-house Fabric and Fusing, Fabric and Fus-
ing Transport, and Cutting and Fusing Attachment, respectively. The equation for
this stock is In-house Fabric and Fusing (t) = Inhouse Fabric and Fusing (t-dt) + Fab-
ric and Fusing Transport (t) − Cutting and Fusing Attachment (t). In-house Fabric and
Fusing = 1072 + 1072 − 1072. The value of Inhouse Fabric and Fusing stock at its
equilibrium is 1072 pieces.

3. Cutting and Fusing Attachment (flow): Once the fabric and fusing are in-house, the
labor cuts the fabric into shirt panels using a cutting machine. Once the shirt panels
are ready, fusing is cut and attached to the shirt. In the model, this process is called
Cutting and Fusing Attachment. To calculate this flow, two converters and one previous
stock were used, Cutting and Fusing Attachment Rate and Labor and Inhouse Fabric and
Fusing, respectively. Cutting and Fusing Attachment Rate refers to the number of shirt
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panels cut and fused each day. Its value is 4000 pieces/day. Labor equals the amount of
labor (in full-time equivalent employees) needed to cut and fuse up to 1000 shirt pan-
els, valued at 0.3. The equation for this flow is IF (Inhouse_Fabric_&_Fusing/DT)
< (Cutting_&_Fusing_Attachment_Rate*Labor) THEN (Inhouse_Fabric_&_Fusing/DT)
ELSE (Cutting_&_Fusing_Attachment_Rate*Labor). IF (1072/1) < (4000*0.3) THEN
(1072/1) ELSE (4000*3). IF (1072) < (1200) THEN (1072) ELSE (1200). The value of
Cutting and Fusing Attachment flow at its equilibrium is 1072 pieces/day.

4. Fabric and Cutting Fusing Waste (Flow): The process of cutting fabric into shirt panels
produces fabric waste. The process of fusing cutting also produces fusing waste.
To calculate Unstitched Shirt Panels with Fusing, the waste that occurred during the
fabric and fusing attachment process must be considered. In the model, this process
is called Fabric and Fusing Cutting Waste. To calculate this flow, one converter and
a previous flow were used, Fabric and Fusing Cutting Waste Fraction and Cutting and
Fusing Attachment, respectively. Fabric and Fusing Cutting Waste Fraction is the fraction
of fabric and fusing waste generated from cutting, valued at 0.02. The equation of
this flow is Cutting_&_Fusing_Attachment * Fabric_&_Fusing_Cutting_Waste_Fraction.
(1072*0.02). The value of Fabric and Cutting Fusing Waste flow at its equilibrium is
21 pieces/day.

5. Unstitched Shirt Panels with Fusing (stock): Unstitched shirt panels with fusing are
now in inventory following the cutting and fusing attachment process and fabric and
fusing cutting waste process. In the model, this stock is called Unstitched Shirt Panels
with Fusing. To calculate this stock, one stock, one inflow, and two outflows were used.
The equation for this stock is Unstitched Shirt Panels with Fusing (t) = Unstitched Shirt
Panels with Fusing (t-dt) + Cutting & Fusing Attachment (t) − Stitching (t) − Fabric &
Cutting Fusing Waste (t). 1051 + 1072 − 1051 − 21. The value of Unstitched Shirt Panels
with Fusing stock at its equilibrium is 1051 pieces.

6. Stitching (flow): Following cutting and fusing, shirt panels are sewn by in-house tai-
lors. In the model, this process is called Stitching, which refers to the rate that shirts are
sewn. This flow is calculated using two converters, Stitching Rate and Tailors, and one
previous stock, Unstitched Shirt Panels with Fusing. The Stitching Rate is the number of
shirts sewn by a tailor using a sewing machine per day, valued at 2 pieces/day. Tailors refer
to the number of tailors required to sew shirts per day, valued at 530. Unstitched Shirt Panels
with Fusing is the quantity of unstitched, cut shirt panels attached with fusing, valued
at 1051 pieces. The equation of this flow is IF (Unstitched_Shirt_Panels_with_Fusing/DT)
< (Stitching_Rate*Tailors) THEN (Unstitched_Shirt_Panels_with_Fusing/DT) ELSE (Stitch-
ing_Rate*Tailors). IF (1051/1) < (2*530) THEN (1051/1) ELSE (2*530) = IF (1051)
< (1060) THEN (1051) ELSE (1060). The value of Stitching flow at its equilibrium
is 1051 pieces/day.

7. Stitched Shirt (stock): Once the shirts are stitched, an inventory of stitched shirts is the
next step. In the model, this stock is called Stitched Shirt. It is a stock that refers to the
number of shirts stitched by tailors. To calculate this stock, one stock, one inflow, and
one outflow were used: Stitched Shirt, Stitching, and Buttoning, respectively. The equation
for this stock is Stitched Shirt (t) = Stitched Shirt (t − dt) + Stitching (t) − Buttoning (t).
1051 + 1051 − 1051. The value of Stitched Shirt stock at its equilibrium is 1051 pieces.

8. Buttoning (flow): The labor attaches buttons to shirts after they have been stitched.
In the model, this process is called Buttoning, which refers to the rate at which
shirts are buttoned. This flow is calculated using two converters, Buttoning Rate
and Buttoning Labor, and one previous stock, Stitched Shirt. Buttoning Rate is the
number of shirts buttoned per day by one laborer, valued at 75 pieces/day. Button-
ing Labor is the amount of labor needed to attach buttons to shirts per day, valued
at 15. The value of Stitched Shirt is 1051 pieces. The equation for this flow is IF
(Stitched_Shirt/DT) < (Buttoning_Rate*Buttoning_Labor) THEN (Stitched_Shirt/DT) ELSE
(Buttoning_Rate*Buttoning_Labor). IF (1051/1) < (75*15) THEN (1051/1) ELSE (75*15).
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IF (1051) < (1125) THEN (1051) ELSE (1125). The value of Buttoning flow at its equilib-
rium is 1051 pieces/day.

9. Shirt with Buttons (stock): An inventory of buttoned shirts is created after the buttoning
process. In the model, this stock is called Shirt with Buttons, which refers to the number
of shirts with buttons attached. To calculate this stock, one stock, one inflow, and
one outflow were used: Shirt with Buttons, Buttoning, and Tagging and Finishing,
respectively. The equation for this stock is Shirt with Buttons (t) = Shirt with Buttons
(t − dt) + Buttoning (t) − Tagging and Finishing (t). 1051 + 1051 − 1051. The value of
Shirt with Buttons stock at its equilibrium is 1051 pieces.

10. Tagging and Finishing (flow): Shirts are then tagged and finished by the laborers.
In the model, this flow is called Tagging and Finishing, which refers to the rate that
shirts are tagged and finished. This flow is calculated using two converters, Fin-
ishing and Tagging Rate and Labor, and one previous stock, Shirt with Buttons. Fin-
ishing and Tagging Rate is the number of shirts finished and tagged by one laborer
per day. Brand tags are attached to the shirts as part of the tagging process. The
finishing process includes uncut thread tails trimmed, stains removed, defective
shirts altered and pressed, etc., valued at 105 pieces/day. Finishing and Tagging
Labor is the amount of labor required to finish the shirts and add hand tags per
day, valued at 11. The equation for this flow is IF (Shirt_with_Buttons/DT) < (Finish-
ing_&_Tagging_Rate*Finishing_&_Tagging_Labor) THEN (Shirt_with_Buttons/DT) ELSE
(Finishing_&_Tagging_Rate*Finishing_&_Tagging_Labor). IF (1051/1) < (105*11) THEN
(1051/1) ELSE (105*11). IF (1051) < (1155) THEN (1051) ELSE (1151). The value of
Tagging and Finishing flow at its equilibrium is 1051 pieces/day.

11. Quality Inspection (flow): All tagged and finished shirts are put through a quality
inspection process, wherein shirts that fail the quality test are rejected. In the model,
this flow is called Quality Inspection. It refers to the rate at which shirts pass quality
inspection. This flow is calculated using one converter, Failed Quality Fraction, and one
flow, Tagging and Finishing. It describes the fraction of shirts rejected during inspection
due to poor quality, valued at 0.05. The equation for this flow is Failed_Quality_Fraction
* Tagging_and_Finishing. (0.05*1051). The value of Quality Inspection flow at its equilib-
rium is 53 pieces/day.

12. Finished Shirt (stock): Finished shirts are in inventory after tagging, finishing, and
quality inspection. In the model, this stock is called Finished Shirt. It refers to the
number of shirts finished after they are tagged, finished, and passed through a quality
inspection process. To calculate this stock, one stock, one inflow, and two outflows are
used: Finished Shirt, Tagging and Finishing, Packing, and Quality Inspection, respectively.
The equation for this stock is Finished Shirt (t) = Finished Shirt (t-dt) + Tagging and
Finishing (t) − Packing (t) − Quality Inspection (t). 998 + 1051 − 998 − 53. The value of
Finished Shirt stock at its equilibrium is 998 pieces.

13. Packing (flow): Shirts are packed after they have been finished. In the model, this flow
is called Packing. It refers to the rate that shirts are packed for shipping. This flow
is calculated using two converters, Packing Rate and Packers, and one stock, Finished
Shirt. Packing Rate indicates the number of shirts packed for shipping by one laborer
per day, valued at 80 pieces/day. Packers indicates the amount of labor required to
pack shirts per day, valued at 13. The equation for this flow is IF (Finished_Shirt/DT)
< (Packing_Rate*Packers) THEN (Finished_Shirt/DT) ELSE (Packing_Rate*Packers). IF
(998/1) < (80*13) THEN (998/1) ELSE (80*13). (998) < (1040) THEN (998) ELSE (1040).
The value of Packing flow at its equilibrium is 998 pieces/day.

14. Packed Shirt (stock): The next step is an inventory of packed shirts. In the model,
this stock is called Packed Shirt. To calculate this stock, one stock, one inflow, and
two outflows were used: Finished Shirt, Tagging and Finishing, Packing, and Quality
Inspection, respectively. The equation for this stock is Packed Shirt (t) = Packed Shirt (dt
− t) + Packing (t) − Shipping (t). 998 + 998 − 998. The value of Packed Shirt stock at its
equilibrium is 998 pieces.
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15. Shipping (flow): The shirts are now ready for shipment. In the model, this flow is
called Shipping. It refers to the rate that shirts are shipped. It is calculated by using
one converter, Shipment Rate, and one stock, Packed Shirt. Shipment Rate is the number
of shirts shipped per day, valued at 1000 pieces. The equation for this flow is IF
(Packed_Shirt/DT) < (Shipment_Rate) THEN (Packed_Shirt/DT) ELSE (Shipment_Rate).
IF (998/1) < (1000) THEN (998/1) ELSE (1000). IF (998) < (1000) THEN (998) ELSE
(1000). The value of Shipping flow at its equilibrium is 998 pieces/day.
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