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Abstract

Digital twin plays a crucial role in mitigating supply chain disruptions and building future supply chains with resilience
capabilities. This research paper utilized qualitative interviews and qualitative survey to examine the impact of supply
chain digital twin in enabling supply chain resilience and develop a roadmap for digital twin adoption. The
contribution of this research paper includes: 1. development of digital twin adoption roadmap, 2. identification of
resilience capabilities developed in supply chain by digital twin adoption. The results from this research indicated that
digital twin adoption phases consist of evaluating maturity and current state, digitizing supply chains to improve
supply chain connectivity, data generation and value creation, and developing supply chain planning and monitoring
platform. This research paper determined that digital twin improves supply chain visibility and decision-making
capability during disruption response and recovery. The ability of organizations to modify supply chain network and
maintain continuity is improved by insights and plans generated from digital twin. This research identified that digital
twin supports an organization in anticipation, response, and recovery stages of supply chain disruption.
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1. Introduction

Supply chains support organizations to manufacture and deliver quality products to customers at the right time and
right location by leveraging their network, which is crucial for profitability and competitive advantage (Gunasekaran
et al., 2001; Kwak et al., 2018; Li et al., 2006). Supply chain continuity can be disrupted by various factors such as
global dispersion, node constraints, geopolitical, and weather uncertainties (Blome and Schoenherr, 2011; Brusset and
Teller, 2017). Supply chain risk management (SCRM) involves risk identification, risk evaluation, risk mitigation,
and risk monitoring (Diabat et al., 2012). Supply chain risks can be operational (quality issues, breakdowns), man-
made (tariffs, strikes), or natural disasters (floods) (Diabat et al., 2012; Faisal et al., 2006). The top vulnerabilities in
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supply chain includes supply disruptions, dependence on international suppliers, and loss of reputation (Chowdhury
and Quaddus, 2015).

COVID-19 exposed vulnerabilities, bottlenecks, inefficient SCRM practices in supply chain, and impacted supply
chain and organizational performance (Ivanov, 2020). Supply chain continuity and building resiliency became the
main focus for C-Suite and top management due to recent disruptions such as semiconductor shortages, Suez Canal
blockage, and COVID-19 (Roh et al., 2021; Wayland, 2021). Organizations are developing digital supply chain
capabilities for managing supply chains in volatile, uncertain, complex, and ambiguous (VUCA) environment (Ardito
et al., 2019; Birkel and Hartmann, 2020). Supply chain digital twin and associated technologies are interventions that
can improve supply chain resilience (Ivanov and Dolgui, 2020). Due to recent disruptions, companies faced supply
shortages, manufacturing shut downs, and revenue loss in billions (Dunn, 2021; Roh et al., 2021; Wayland, 2021).
These impacts on revenue made organizations to rethink their supply chain strategy and invest in supply chain
technologies to maintain continuity (Ivanov, 2021).

Advanced technologies are necessary to manage supply chain and build resilient supply chains (Durach et al., 2015;
Hosseini et al., 2019). Industry 4.0 ecosystem consists of various technologies such as Internet of Things (IoT), big
data analytics, augmented reality, virtual reality, blockchain, additive manufacturing, and digital twin (Asdecker and
Felch, 2018; Bir et al., 2018). Industry 4.0 technologies, predominantly Internet of Things (IoT), Big Data Analytics
and Digital twin technology, boosts supply chain disruption management capability (Birkel and Hartmann, 2020;
Papadopoulos et al., 2017). IoT helps in monitoring of supply chains and sharing of real-time information with supply
chain partners (Dubey et al., 2019).

Industry 4.0 technology can play a role in improving supply chain resilience (Ralston and Blackhurst, 2020). Lack of
solid framework that provides guidance on [oT and other technologies adoption in supply chain context is limiting the
wide-ranging adoption of Industry 4.0 technologies (Ben-Daya et al., 2019). Managerial guidance and implication
research are required in the supply chain and Industry 4.0 area (Frederico et al., 2019). Therefore, to accelerate the
adoption of digital twin in manufacturing organizations, efforts are made in this research to develop a roadmap and
provide strategic guidance for supply chain practitioners.

This research aims to fill the above discussed research gap and examines the adoption of digital twin for improving
supply chain resilience. The objective of this research is to investigate the benefits of adopting digital twin in supply
chains from the perspective of building resilience. The research objectives of this study are divided into the following
sub-objectives: 1. Develop a roadmap for adoption of digital twin 2. Determine the resilience elements enabled in
supply chain by adopting digital twin technologies, and 3. Investigate the impact of digital twin in helping
organizations to anticipate, respond, and recovery quickly from supply chain disruptions. After this section, the paper
is organized into five major sections. The second section discuss the literature related to supply chain resilience and
digital twin adoption. The third section covers the methodology used in this research paper. The fourth section covers
the data collection and the data analysis process. The fifth section includes the results from this research and the
discussions. The final section covers the conclusions and the research contribution of this research paper.

2. Literature Review

This section covers the literature related to supply chain resilience, digital twin adoption, and research studies in the
area of improving supply chain resilience through digital twin technologies. Supply chain resilience is the “adaptive
capability of a supply chain to prepare for and/or respond to disruptions, to make a timely and cost effective recovery,
and therefore progress to a post-disruption state of operations — ideally, a better state than prior to the disruption”
(Tukamuhabwa et al., 2015, p. 5599). Organizations cannot avoid supply chain disruptions, but they can build
capabilities and create contingency plans that support them to navigate disruptions without impacting supply chain
performance (Golgeci and Y. Ponomarov, 2013).

Supply chain disruption management is typically classified into three phases — readiness, response, and recovery
(Chowdhury and Quaddus, 2017; Holcomb and Ponomarov, 2009). Readiness phase is the pre-disruption stage
whereas the post-disruption stage includes response phase and recovery phase (Chowdhury and Quaddus, 2017).
Creating readiness for the disruption is a proactive strategy where firms proactively prepare for supply chain responses
(Holcomb and Ponomarov, 2009). On the other hand, without readiness, firms will react to the event only when they
are disturbed by a disruption, and this approach is considered as a reactive strategy in disruption management
(Tukamuhabwa et al., 2015). Similarly, the ability to reconfigure supply chains and adapt to changes during
disruptions defines the resilience level of supply chains (Ambulkar et al., 2015).
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Continuous sensing and monitoring of supply chains enable quick response to disruptions. Quick response impacts
the success rate of supply chain reconfiguration capability and enhances resilience (Lee and Rha, 2016). Internet of
Things and Supply Chain Analytics improves the readiness capability of supply chain (Birkel and Hartmann, 2020;
Dubey et al., 2019). Designing supply chains for maintaining continuity is crucial for sustaining supply chain
performance and revenue growth (Gunasekaran et al.,, 2001; Kwak et al., 2018; Li et al., 2006). Similarly,
organizations can improve their supply chain collaboration and risk management culture across the supply chain which
improves resilience (Chowdhury and Quaddus, 2017; Lee and Rha, 2016).

Digital transformation requires determination of current maturity state, future/ target state, and gaps to address in order
to achieve the expected maturity level (Bér et al., 2018). Some of the factors to consider in evaluating maturity are
human resource management, IT maturity or technology gaps, and organizational processes (Frederico et al., 2019).
The evolution of cyber physical systems consists of stages such as connection, conversation, control, and optimization
(Lee et al., 2015). Similarly, implementation of smart supply chain consists of few maturity stages (Wu et al., 2016).
There are five maturity states in converting IoT data to business value which includes data generation, data
management, deploying data visualization dashboards, applying analytical algorithms, and developing a culture to
utilize data in decision making (Arunachalam et al., 2018). Organizations should nurture capabilities for achieving
value from big data gathered from IoT and various supply chain data sources (Brinch, 2018).

There are only few research studies that investigated the use of Industry 4.0 technologies for improving supply chain
resilience. Ralston and Blackhurst (2020) utilized qualitative case study and determined that Industry 4.0 improves
supply chain resilience with warning capability and process automation, which improves the efficiency of supply
chain and disruption management. Ivanov and Dolgui (2020) proposed a conceptual model of digital twin and
illustration of digital twin usage in disruption response. Birkel and Hartmann (2020) determined that [oT improves
supply chain risk management capability by improving data generation and data processing capability. This enables
real-time data driven decisions in supply chain which reduces uncertainty in decision making process. Dubey et al.
(2019) found that data analytics capability improves supply chain resilience. Therefore, digital twin and Industry 4.0
technologies such as IoT and big data analytics can improve supply chain resilience.

Some of the authors have called for an in-depth investigation on organizations that transformed their supply chain by
adopting these advanced technologies (Hosseini et al., 2019). Conducting interviews with organizations and managers
involved in the transformation projects will develop theoretical insights and implications for supply chains undertaking
the digital transformation projects (Bienhaus and Haddud, 2018). The review of literature has shown that there is a
gap (in literature) in the investigation of supply chain digital twin adoption for building resilient supply chains (Ivanov
and Dolgui, 2020). Therefore, this research focused on addressing this literature gap and adopted a qualitative inquiry
approach to investigate the adoption of digital twin for improving supply chain resilience. The next section covers the
research methodology utilized in this research paper.

3. Research Methods

A qualitative research method is ideal for adding knowledge into the topic and generate theory or framework for
further testing and refinement (Meredith, 1993; Tukamuhabwa et al., 2015). This study selected inductive approach
for theory development (Randall and Mello, 2012). The primary research methodology selected for this study is
qualitative interview and qualitative survey among experts in the field of supply chain and advanced supply chain
technology. The research methods and the steps carried out in this research are shown in Figure 1. This study has
conducted survey and expert interviews simultaneously to gather data. Once, the data was gathered from surveys and
interviews, the data analysis has been carried out separately for the survey and interviews. Then, the analysis findings
from survey and interviews have been integrated to develop the themes and framework reported in the result section
of this paper. The data collection approach and participants demographics are covered in the next section.

Triangulate

findings from Report

themes and
framework

survey,
interview, and
literature

Figure 1. Research methodology used in the research
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4. Data Collection

A survey instrument was created in Qualtrics tool with open-ended qualitative questions for gathering experts’
opinions. The survey instrument categorized questions into major sections. First section included questions regarding
the advantages and capabilities gained in supply chain by digital twin adoption. Second section consisted of questions
seeking the participants opinion on the adoption roadmap of supply chain digital twin. Third section included questions
regarding the demographic information of participants.

Similarly, an interview guide was developed for conducting the interviews with the experts. The questions were
focused on 1. resilience capabilities or elements gained in supply chain by digital twin adoption, 2. phases in supply
chain digital twin adoption and technology adopted in various phases. The interview guide also encompassed questions
for understanding company’s appetite and resources established for resilience activities. Both interviews and survey
are designed from a qualitative perspective to gather opinion of experts in the field of digital twin and supply chain.

The participants were selected from various backgrounds in manufacturing supply chain (United States) who worked
on adopting digital twin technologies or developing a roadmap for such activity. The experts selected for surveys and
interviews had experience in Industry 4.0 technologies, supply chain, and technology consulting, most of them are
supply chain leaders in manufacturing organization. A total of 11 interviews were conducted and 15 responses were
received from the survey. The participant demographics for the interviews and survey is shown in figure 2.
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Figure 2. Participant demographics

Among the interview participants, more than 90% of them (10 out of 11) hold managerial or top management
position in manufacturing supply chains or supply chain technology companies. 73% of survey participants held
either managerial or top management position in their organization. This research collected data from a moderate
sized expert group since this research have set criteria to select participants with specialized knowledge in digital
twin adoption. Such a sample size has been practiced in the literature for explorative studies through qualitative
interviews and surveys where the nature of study demands participants experience and experts opinion through
purposive sampling to achieve the research objectives (Kache and Seuring, 2017; Manuj and Sahin, 2011).

4.1 Data Analysis

This section discusses the data analysis process adopted to obtain results. The data gathered from survey and interview
were analyzed through content analysis (Krippendorff, 2004). For surveys, the responses were initially grouped by
the survey questions. Then, the responses were assigned with codes and then categorized based on similarity
(Krippendorff, 2004). For interviews, the data analysis started with reading interview transcripts, generating codes,
and assigning codes for the responses (Manuj and Pohlen, 2012). Then, the codes were grouped based on similarity
to develop categories and themes. Constant comparison of the data, iterative coding, and aggregation resulted in the
emergence of major themes (Manuj and Pohlen, 2012).
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5. Results and Discussion

The results from the research study are presented in two sections. The first section discusses the results on digital twin
adoption and the phases in supply chain digital twin adoption. The second section summarizes various resilience
capabilities developed in supply chain by digital twin.

5.1 Digital Twin Development

The analysis of the data from survey and interviews revealed various phases in the adoption of digital twin. The phases
include: 1. Digital twin readiness/current state assessment, 2. Digitizing supply chain and system integration, 3. Data
generation, management, and value creation, 4. Constructing supply chain monitoring and planning platform. Table 1
shows adoption phases resulted from data analysis and the level of support from the data for each adoption phase.

Table 1. Digital twin adoption phases

Adoption Phases Number Number of | Interviews Surveys Support
of Surveys referenced referenced from
Interviews | referenced | percentage percentage data
referenced

Digital twin readiness and 6 7 55% 47% Moderate

current state assessment

Digitize supply chain and 8 10 73% 67% High

systems integration

Data generation, 8 9 73% 60% High

management, and value

creation

Supply chain monitoring and | 11 12 100% 80% Very high

planning platform

5.1.1 Digital Twin Readiness and Current State Assessment

The first step in the digital twin adoption is understanding the current state and technology maturity level of a supply
chain. The assessment begins with investigating the challenges in supply chain and requirements for a digital twin
capability. The scope of the digital twin needs to be customized based on company’s requirements. Creating business
case for the digital twin adoption and gaining top management commitment are essential for assimilation of digital
twin. Digital twin adoption requires the implementation of various enterprise systems and supply chain solutions,
which requires huge investments. Participants argued that organization should select digital tools required to build
digital twin capability and partners during the early stages of adoption. Creating awareness and developing clear
understanding of the digital supply chain technology is essential for successful transformation.

Interview participant 6 summarized this step as “you have a complete review for your supply chain performance. How
are we doing today? How are we going to do? How do you want our supply chain to perform tomorrow? Based on the
expected business, expected globalization factors”. Therefore, assessment of readiness and current state creates an
action plan for digital twin adoption. From the data, it was observed that people involved with consulting or technology
solutions are mostly aware of the current state and maturity assessment compared to the practitioners managing supply
chain in manufacturing companies. This highlights the fact that manufacturing firms need to learn from external
partners regarding maturity assessment, which is the first step in adoption. As indicated in table 1, this step has been
moderately supported by data. Only 55% of the interview participants and 47% of the survey participants referenced
about the assessment step.

5.1.2 Digitize Supply Chain and Systems Integration

Supply chain digital twin is a digital representation or digital replica of supply chain. Survey participant 12 described
supply chain digital twin as “a virtual representation of the end-to-end value chain and it connects across planning
systems and execution tools while providing the user community a single engagement level UI with simulation and
modeling capabilities”.

Developing the digital twin architecture and supply chain cyber physical system involves integration of various
systems and data sources in supply chain. The survey participants listed a range of systems for developing the
architecture which included: sourcing and purchasing systems, Enterprise Resource Planning (ERP) system,
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Manufacturing Execution System (MES), Transportation Management Systems (TMS), Sensors and IoT Ecosystem,
supply chain monitoring system, digital twins for network modeling and supply chain planning systems.

In addition to the integration of supply chain systems, creation of network modeling digital twin, simulation, and
optimization models mimicking supply chain are necessary in this stage. One of the survey participants noted that
digital twin consists of “a digital model representing physical supply chain constraints and dynamics in the context of
specific decision support problems”. Supply chain modeling can be in the form of simulations, optimization, or digital
twin systems for supply chain design.

Digital twin displays a single view of all the key components of entire supply chain including mapping of supplier
location, mode of transport, lead time, manufacturing machine condition, order status, lot size, mode of distribution,
transport capacity, storage, inventory flow, new demands, demand backlog, and demand priority. Some of the
participants from interviews called this as ‘Supply chain control tower’. By contemplating all the data obtained, a
digital twin architecture is developed as shown in figure 3. Most of the supply chain practitioners are aware of various
supply chain systems that support digitization strategy. This theme achieved ‘high’ support from the data with 73%
of interview participants and 67% of the survey participants referencing about supply chain digitization architecture.
Although most of the participants listed software tools from their functional areas, they lack comprehensive
understanding of the list of systems necessary to build end-to-end supply chain digital twin. Only after combining the
list of systems suggested by all the participants, a comprehensive list of systems has been identified to develop the
architecture.

Reports, UI, Supply Chain Disruption Scenario Options
Dashboards Current State Prediction Report Planning available
4 4 44

N N R N O R U S N NN Y

Digital Twin Supply Chain Supply Chain Digital twin —
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Figure 3. Digital twin architecture

5.1.3 Data Generation, Management, and Value Creation

The participants from survey and interviews argued that organizations begin with pilot projects to realize the value of
digital twin before large-scale transformation. Interview participant 2 mentioned “having a bigger road map and
promise and then breaking it down to a small pilot to make it happen to show the value and then to scale it step-by-
step. This is how, I've practically seen that happen”

Generating data from supply chain and ensuring data quality are important in the early stages of digital twin adoption.
Interview participant 5 briefed the importance of data discovery/generation as “we talk about where to source the data?
How to secure the data? How to consolidate and enrich the data? Data enrichment is a big deal in a supply chain,
global supply chain because everything down the road will depend on the quality of the data, right? So, data
enrichment, clean up the data, enrich the data and get data ready for data science”. Similarly, organizations need to
determine the data management routines for efficient data acquisition and usage. Survey participant 13 talked about
the data management aspect as a learning exercise where companies “have to kind of learn to do the get the right
sensor, sensor management and all that stuff so.”
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The next step in the data processing is converting the data gathered into an insight for supply chain disruption
management. Interview participant 8 explained, “the second part, we entered phase, what I called as data science and
all the solutions on top of the data science itself to be able to what I call contextualize the data. Because as you know,
so contextualization as you know, it is data plus domain expertise. Together you put the right data and right context
and make it ready for a decision”. So, organizations should develop routines for converting data into insights for
making decisions during disruption management. Most of the supply chain practitioners are aware of generating data,
cleaning, and creating insights from the data which could support in disruption management especially with disruption
predictions. This theme achieved ‘high’ support from the data with 73% of interview participants and 60% of the
survey participants referencing about the data collection and data science aspects.

5.1.4 Supply Chain Monitoring and Planning Environment

At the final stage of digital twin adoption, organizations should develop a digital twin that consists of the following
capabilities: monitoring of supply chain in real-time, predicting any potential disruptions, and real-time concurrent
planning across the supply chain. Once a signal of disruption or disturbance is predicted by the monitoring system,
organizations begin the impact analysis in digital twin. Organization uses the analytical platform and planning systems
to perform real-time scenario planning. Digital twin aids in adding or removing a supply chain node based on the
impact and determining the best option for mitigating the supply chain disruption.

The digital twin enables scenario planning and generate insights on important KPIs. Interview participant 11 described
“you can look at a wide variety of hypothetical situations for your supply chain planning environment to understand
what would happen. If your factories were shut down due to a pandemic, or what would happen if your supply chain
lead times extended? What would happen if you had an unexpected demand spike or an unexpected demand decrease”?
By using the analytical and planning platform, organizations can optimize their response and recovery plans for supply
chain. Therefore, digital twin enables real-time scenario planning and develop optimization plans for managing supply
chain disruptions using real-time data. Most of the supply chain practitioners are planning to build and utilize digital
twin as the monitoring and planning environment for managing supply chain disruptions. This theme achieved ‘very
high’ support from the data with 100% of interview participants and 80% of the survey participants referencing about
the monitoring and planning environment. Due to recent disruptions and pandemic, supply chain practitioners are
looking for digital capabilities that help in supply chain monitoring and planning.

A framework for adopting digital twin and managing supply chain disruptions has been developed and shown in figure
4. The framework outlines the four stages of digital twin adoption discussed in this section.

4, Supply
Chain
Monitoring

1. Digital twin
readiness and

current state
assessment

and Planning
Platform

Figure 4. Digital twin adoption phases

5.2 Supply Chain Resilience Capabilities
This section discusses the capabilities built in supply chain through the adoption of digital twin. Both interview and
survey participants suggested that digital twin technologies such as IoT enables resilience in supply chain in three
major ways — creating real-time visibility, making quick decisions, and executing quicker actions or response to supply
chain disruptions as shown in figure 5. Similarly, table 2 shows the level of support available from the data for these
resilience capabilities developed by digital twin.

Supply chain digital twin integrates end-to-end supply chain, which enables transparency and real-time information
sharing in supply chain. Interview participant 5 highlighted the visibility capability by commenting “you can monitor
the whole state of supply chain and understanding that supply chain is under control or simply if you know you have
right data feeds and then that should go back to some kind of central analytics which can take all that information and
give a real time information of status quo of what's happening and create a prediction if something goes wrong”.
Therefore, digital twin improves supply chain visibility with high quality real-time data. As shown in table 2, supply
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chain practitioners are highly aware of the potential of digital twin and are planning to utilize digital twin to create
visibility in supply chain. Interview participants indicated real-time visibility as the primary value or capability that
companies intend to gain through digital twin. This theme achieved ‘very high’ support from the data with 100% of
interview participants and 87% of the survey participants referencing about supply chain visibility capability.

Recovery

Real-time What-if .
e TP o ) Insights for
visibility, risk scenarios and . - -
L ) : Actionability Resilient
monitoring simulations (modifyin Supply Chain
and disruption for decision suopl cyhaii) PRl
prediction making PR

Figure 5. Resilience elements enabled in supply chain by digital twin

Once, supply chain visibility has been achieved, the next step is converting the visibility into supply chain decisions.
Digital twin gives “the chance to actually make decisions about what step to take next to give a chance to prepare for
how to respond in the face of disruption” as noted by interview participant 3. During the Suez Canal blockage, one of
the clients of interview participant 5 used digital twin to develop recovery plans. Interview participant 5 mentioned
that the client “can make decisions on well, do I want to potentially pay more to use air? Am I going to wait for this
ship to come into port? It was waiting worth the savings of transportation costs. Or do I absolutely need this freight?”.
Therefore, digital twin offers support in decision making for maintaining continuity in an optimized way. This is
accomplished by the capability of digital twin to perform scenario planning and interview participant 2 pointed out
that “a digital twin is a simulation, or maybe an emulation of what is going to be happening, and so it has a tremendous
amount of value for us to play what-if games”. Therefore, digital twin enhances the ability to make quick data-driven
decisions during disruptions. Most of the participants highlighted the importance of digital twin as a planning
environment to perform scenario planning during disruptions. This theme achieved ‘very high’ support from the data.
As shown in table 2, 91% of interview participants and 73% of the survey participants envision digital twin as a
planning environment for disruption management.

Table 2. Resilience capabilities enhanced by digital twin

Resilience capability Number of | Number of | Interview Survey Support
Interviews | Surveys referenced referenced from data
referenced | referenced | percentage percentage

Real-time visibility 11 13 100% 87% Very high

What-if scenarios 10 11 91% 73% High

Actionability & insights | 6 9 55% 60% Moderate

The final and critical step in the supply chain disruption management is executing quick reconfigurations to adapt to
the changing landscape. Interview participants suggested that pre-established routines, simulation drills and
orchestrion of resources enables quick response during a disruption. Digital twin provides protocol (optimized
response and recovery plan) for all the supply chain members to follow during response and recovery phases. Interview
participant 7 argued that “what we can do with the Internet of Things and supply chain analytics is give ourselves
some information about the disruption so we can respond quicker and in real time”. Digital twin also enables an
organization to share information in real time and collaborate with partners as noted by survey participant 14 “we try
to be very responsive to them as well and provide visibility into our own needs so that we can communicate very
clearly what we're going to need and when given advanced notice”. Therefore, digital twin enables the organization
to perform optimized supply chain reconfigurations at a faster pace by collaborating with supply chain members in
real-time. Most of the supply chain practitioners agree with the role of digital twin in quick reconfigurations and
actions implementation during disruption. But this theme has achieved only moderate support from the data with 55%
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of interview participants and 60% of the survey participants referencing about supply chain reconfigurations through
digital twin, as noted in table 2.

As such, this research determined that supply chain digital twin is a digital replica of a supply chain with monitoring,
scenario planning, and analytical capabilities. Supply chain digital twin plays a major role in enabling supply chain
resilience and supports in readiness, response, and recovery phases. Supply chain visibility improves readiness in
supply chain. Monitoring of supply chain and predicting potential disruptions ahead provides time for organizations
to prepare and manage disruptions better. Conducting what-if scenario analysis and planning for response improves
the decision-making capability of a company. In addition, digital twin helps in quicker recovery from disruptions,
which has been supported by the interview and survey participants.

6. Conclusion, Future Research, and Research Contributions

Supply chains are critical to an organization’s revenue and competitive advantage. Adopting digital twin for managing
supply chain and navigating disruption is an essential investment for organizations. Matching the digitization strategy
with overall firm’s business strategy is critical for successful digital transformation (Bér et al., 2018). However,
absence of a guidance framework for digital twin implementation limits supply chain leaders in building a business
case for digital twin adoption that matches with the overall business strategy.

This research study determined that digital twin adoption can be accomplished in four sequential phases. Organizations
should start with evaluating their current supply chain challenges and create use cases for digital twin adoption. Results
from this study shows that supply chain leaders lack the awareness of maturity assessment step needed at the initial
stage of digital twin adoption. Maturity assessment depicts the areas to improve in supply chain and develops a
roadmap for organizations to adopt digital twin. Once the value of digital twin is discovered from pilot projects, firms
need to digitize end-to-end supply chain and integrate various supply chain systems to create a real-time supply chain
control tower and supply chain planning platform. Such a capability of digital twin enables organizations to monitor
supply chain and predict disruptions. Firms can perform what-if scenario analysis and create response plans to recover
from disruptions in an efficient manner. Digital twin improves the supply chain visibility which is essential for quick
decision making and develop an action plan. Then, organizations utilize the developed plan to reconfigure supply
chains and execute network modifications to maintain supply chain continuity, generate revenue, and remain
competitive. The digital twin architecture model developed from this research based on empirical data guides
manufacturing organizations in the implementation of various enterprise systems and form digital twin architecture
that supports in disruption management.

This research developed a framework for digital twin adoption and took an initial step to address the literature gap.
As a first step, organizations should develop routines and projects to improve supply chain visibility. Without visibility
quick data-driven decisions and action implementation are impossible. Therefore, organization should evaluate their
current maturity and improve their maturity level sequentially. The primary objective of adopting digital twin is
enabling quick, optimized, data-driven actions to reconfigure supply chain, maintain continuity, and improve
organization revenue. Future research works can investigate digital twin adoption framework using various research
methods such as full-scale survey, case studies, and Delphi technique. Research efforts in the aforementioned
directions will validate the results of this research study.

References

Ambulkar, S., Blackhurst, J., and Grawe, S., Firm’s resilience to supply chain disruptions: Scale development and
empirical examination. Journal of Operations Management 33—34, 111-122, 2015.

Ardito, L., Petruzzelli, A.M., Panniello, U., and Garavelli, A.C., Towards Industry 4.0: Mapping digital technologies
for supply chain management-marketing integration. Business Process Mgmt Journal 25, 323-346, 2019.

Arunachalam, D., Kumar, N., and Kawalek, J.P., Understanding big data analytics capabilities in supply chain
management: Unravelling the issues, challenges and implications for practice. Transportation Research Part
E: Logistics and Transportation Review 114, 416436, 2018.

Asdecker, B., and Felch, V., Development of an Industry 4.0 maturity model for the delivery process in supply
chains. Journal of Modelling in Management 13, 840—883, 2018.

Bir, K., Herbert-Hansen, Z.N.L., and Khalid, W., Considering Industry 4.0 aspects in the supply chain for an SME.
Prod. Eng. Res. Devel. 12, 747-758, 2018. https://doi.org/10.1007/s11740-018-0851-y

IEOM Society International 187



Proceedings of the International Conference on Industrial Engineering and Operations Management
Istanbul, Turkey, March 7-10, 2022

Ben-Daya, M., Hassini, E., and Bahroun, Z., Internet of things and supply chain management: a literature review.
International Journal of Production Research 57,4719-4742,2019.

Bienhaus, F., and Haddud, A., Procurement 4.0: factors influencing the digitisation of procurement and supply
chains. Business Process Mgmt Journal 24, 965-984, 2018. https://doi.org/10.1108/BPMJ-06-2017-0139

Birkel, H.S., and Hartmann, E., Internet of Things — the future of managing supply chain risks. Supply Chain
Management: An International Journal 25, 535-548, 2020. https://doi.org/10.1108/SCM-09-2019-0356

Blome, C., and Schoenherr, T., Supply chain risk management in financial crises—A multiple case-study approach.
International Journal of Production Economics, 134, 43-57, 2011.

Brinch, M., Understanding the value of big data in supply chain management and its business processes: Towards a
conceptual framework. International Journal of Operations & Production Management 38, 1589—-1614,
2018.

Brusset, X., and Teller, C., Supply chain capabilities, risks, and resilience. International Journal of Production
Economics 184, 59-68, 2017.

Chowdhury, H., and Quaddus, M.A., A multiple objective optimization based QFD approach for efficient resilient
strategies to mitigate supply chain vulnerabilities: The case of garment industry of Bangladesh, Omega,
Decision Making in Enterprise Risk Management 57, 5-21, 2015.

Chowdhury, M., Quaddus, M., Supply chain resilience: Conceptualization and scale development using dynamic
capability theory. International Journal of Production Economics 188, 185-204, 2017.

Diabat, A., Govindan, K., and Panicker, V.V., Supply chain risk management and its mitigation in a food industry.
International Journal of Production Research 50, 3039-3050, 2012.

Dubey, R., Gunasekaran, A., Childe, S.J., Wamba, S.F., Roubaud, D., and Foropon, C., Empirical investigation of
data analytics capability and organizational flexibility as complements to supply chain resilience, 2019.
International Journal of Production Research 0, 1-19. https://doi.org/10.1080/00207543.2019.1582820

Dunn, J.E., COVID-19 and Supply Chains: A Year of Evolving Disruption (Cleveland Fed District Data Briefs),
Cleveland Fed District Data Briefs, 2021. https://doi.org/10.26509/frbc-ddb-20210226

Durach, C.F., Wieland, A., and Machuca, J.A.D., Antecedents and dimensions of supply chain robustness: a
systematic literature review. International Journal of Physical Distribution & Logistics Management 45,
118-137,2015.

Faisal, M.N., Banwet, D. k., and Shankar, R., Supply chain risk mitigation: modeling the enablers. Business Process
Mgmt. Journal 12, 535-552, 2006. https://doi.org/10.1108/14637150610678113

Frederico, G.F., Garza-Reyes, J.A., Anosike, A., and Kumar, V., Supply Chain 4.0: concepts, maturity and research
agenda. Supply Chain Management: An International Journal 25, 262-282, 2019.

Golgeci, I., and Y. Ponomarov, S., Does firm innovativeness enable effective responses to supply chain disruptions?
An empirical study. Supply Chain Management: An International Journal 18, 604—617, 2013.

Gunasekaran, A., Tirtiroglu, E., and Patel, C., Performance measures and metrics in a supply chain environment. Int
Jrnl of Op & Prod Management 21, 71-87, 2001. https://doi.org/10.1108/01443570110358468

Holcomb, M.C., and Ponomarov, S.Y., Understanding the concept of supply chain resilience. Int Jrnl Logistics
Management 20, 124143, 2009. https://doi.org/10.1108/09574090910954873

Hosseini, S., Ivanov, D., and Dolgui, A., Review of quantitative methods for supply chain resilience analysis.
Transportation Research Part E: Logistics and Transportation Review 125, 285-307, 2019.

Ivanov, D., Introduction to supply chain resilience: management, modelling, technology, Classroom companion
Business. Springer, Cham, Switzerland, 2021. https://doi.org/10.1007/978-3-030-70490-2

Ivanov, D., Viable supply chain model: integrating agility, resilience and sustainability perspectives—lessons from
and thinking beyond the COVID-19 pandemic, Annals of Operations Res, 2020.

Ivanov, D., and Dolgui, A., A digital supply chain twin for managing the disruption risks and resilience in the era of
Industry 4.0. Production Planning & Control 0, 1-14, 2020.

Kache, F., Seuring, S., Challenges and opportunities of digital information at the intersection of Big Data Analytics
and supply chain management. Int Journal of Op & Prod Management 37, 10-36, 2017.

Krippendorff, K., Content analysis: an introduction to its methodology, 2nd ed. ed. Sage, Thousand Oaks, Calif,
2004.

Kwak, D.-W., Seo, Y.-J., and Mason, R., Investigating the relationship between supply chain innovation, risk
management capabilities and competitive advantage in global supply chains. International Journal of
Operations & Production Management 38, 2-21, 2018. https://doi.org/10.1108/IJOPM-06-2015-0390

Lee, J., Bagheri, B., and Kao, H.-A., A Cyber-Physical Systems architecture for Industry 4.0-based manufacturing
systems. Manufacturing Letters 3, 18-23, 2015. https://doi.org/10.1016/j.mfglet.2014.12.001

IEOM Society International 188



Proceedings of the International Conference on Industrial Engineering and Operations Management
Istanbul, Turkey, March 7-10, 2022

Lee, S.M., and Rha, J.S., Ambidextrous supply chain as a dynamic capability: building a resilient supply chain.
Management Decision 54, 2-23, 2016. https://doi.org/10.1108/MD-12-2014-0674

Li, S., Ragu-Nathan, B., Ragu-Nathan, T.S., and Subba Rao, S., The impact of supply chain management practices
on competitive advantage and organizational performance. Omega 34, 107-124, 2006.

Manuj, I., and Pohlen, T.L., A reviewer’s guide to the grounded theory methodology in logistics and supply chain
management research. International Journal of Physical Distribution & Logistics Management 42, 784—
803,2012.

Manuj, L., and Sahin, F., A model of supply chain and supply chain decision-making complexity. International
Journal of Physical Distribution & Logistics Management 41, 511-549, 2011.

Meredith, J., Theory Building through Conceptual Methods. Int Journal of Op & Prod Management 13, 3—11, 1993.
https://doi.org/10.1108/01443579310028120

Papadopoulos, T., Gunasekaran, A., Dubey, R., Altay, N., Childe, S.J., and Fosso-Wamba, S., The role of Big Data
in explaining disaster resilience in supply chains for sustainability. Journal of Cleaner Production, 142,
1108-1118, 2017. https://doi.org/10.1016/j.jclepro.2016.03.059

Ralston, P., and Blackhurst, J., Industry 4.0 and resilience in the supply chain: a driver of capability enhancement or
capability loss? International Journal of Production Research 0, 1-14, 2020.

Randall, W.S., and Mello, J.E., Grounded theory: an inductive method for supply chain research. International
Journal of Physical Distribution & Logistics Management 42, 863—880, 2012.

Roh, J., Tokar, T., Swink, M., and Williams, B., Supply chain resilience to low-/high-impact disruptions: the
influence of absorptive capacity. [JLM ahead-of-print, 2021. https://doi.org/10.1108/IJLM-12-2020-0497

Tukamuhabwa, B.R., Stevenson, M., Busby, J., and Zorzini, M., Supply chain resilience: definition, review and
theoretical foundations for further study. International Journal of Production Research 53, 5592-5623,
2015.

Wayland, M., GM and Ford cutting production at several North American plants due to chip shortage [WWW
Document]. CNBC. URL https://www.cnbc.com/2021/04/08/gm-cutting-production-at-several-plants-due-
to-chip-shortage.html (accessed 10.16.21), 2021.

Wu, L., Yue, X., Jin, A., and Yen, D.C., Smart supply chain management: a review and implications for future
research. Int Journal Logistics Management 27, 395-417, 2016.

Biographies

Senthilkumar Thiyagarajan is a PhD Candidate in Technology Leadership and Innovation Department at Purdue
University. He is currently working as a Graduate Research Assistant in Digital Enterprise Center at Purdue
University. He received his Master of Science degree in Industrial Engineering from Arizona State University. His
research interests include Supply Chain Resilience, Digital Twin, Industry 4.0, Lean Six Sigma, and Product Lifecycle
Management. He has published articles in International Journal of Lean Six Sigma, International Journal of
Productivity and Quality Management and leading International Conferences. He is a certified Six Sigma Black Belt
and has worked in industry for Tesla, Schott, Cook Medical, and Zimmer Biomet in the roles of Supply Chain, Quality
Engineering, and Process Improvement.

Dr. Chad Laux is an Associate Professor from the Computer & Information Technology Department at Purdue
University. Dr Laux teaches and conducts research in the area of Quality Management, Lean Six Sigma and Food
Security and has numerous publications in the field. Dr. Laux is a Six Sigma Black Belt from Caterpillar, General
Electric and the American Society for Quality and has 20 years of experience. During his time in industry, Dr. Laux
served primarily in Tier One organizations and managed Quality Engineering, Industrial Engineering, and Product
Design functions, received multiple Six Sigma Black Belt certifications and conducted multiple continuous
improvement projects. He earned his PhD from the Iowa State University in 2007.

Dr. Nathan Hartman is the Dauch Family Professor of Advanced Manufacturing and Department Head of the
Department of Computer Graphics Technology at Purdue University, and Director of the Purdue University Digital
Enterprise Center. Dr. Hartman is also Co-Executive Director of the Indiana Next-generation Manufacturing
Competitiveness Center (IN-MaC). Dr. Hartman’s research areas focus on the process and methodology for creating
model-based definitions; examining the use of the model-based definition in the product lifecycle; developing the
model-based enterprise; geometry automation; and data interoperability and re-use. He has been awarded over
$10,000,000 in research funding to support his work, primarily from industrial and manufacturing corporations. He

IEOM Society International 189



Proceedings of the International Conference on Industrial Engineering and Operations Management
Istanbul, Turkey, March 7-10, 2022

has also done funded research work through NSF, DMDII, and NIST programs. Professor Hartman holds a Bachelor’s
and Master’s degree from Purdue University and a Doctorate from North Carolina State University. Dr. Hartman spent
over seven years working in industry for Fairfield Manufacturing Company, Caterpillar, and Rand Worldwide.

IEOM Society International 190



	1. Introduction
	2. Literature Review
	3. Research Methods
	4. Data Collection
	5. Results and Discussion
	5.1 Digital Twin Development
	5.2 Supply Chain Resilience Capabilities
	6. Conclusion, Future Research, and Research Contributions
	Supply chains are critical to an organization’s revenue and competitive advantage. Adopting digital twin for managing supply chain and navigating disruption is an essential investment for organizations. Matching the digitization strategy with overall ...
	This research study determined that digital twin adoption can be accomplished in four sequential phases. Organizations should start with evaluating their current supply chain challenges and create use cases for digital twin adoption. Results from this...
	References



