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Abstract:

Presenting a Model of Digital Transformation Factors in Resilient Supply Chain Management in the Circular Printing Industry

Objective:

This study aims to design and explain a model of digital transformation factors in resilient supply chain management in the circular printing
industry to enhance sustainability and agility in the face of disruptions. The research employed a sequential exploratory mixed-method design
(qualitative—quantitative). In the qualitative phase, data were collected through semi-structured interviews with 20 experts, including senior
managers, supply chain specialists, and academic professors in the printing industry. Data were analyzed using inductive content analysis
and three-step coding (open, axial, and selective). In the quantitative phase, the fuzzy Delphi method was applied to screen the identified
factors, and the fuzzy DEMATEL approach was used to determine the causal relationships and map the network of interactions among the
factors and subfactors. Data collection tools included interviews and five-point Likert scale questionnaires. The qualitative findings identified
” “absorptive capacity,” “adaptive capacity,” and “sustainability capacity.” Quantitative
analysis using fuzzy DEMATEL revealed that “transformation capacity” was the most influential factor, exerting a sequential impact on
“absorptive capacity,” “adaptive capacity,” and “sustainability capacity.” Conversely, “sustainability capacity” was found to be the most
affected factor, serving as a critical bottleneck for achieving long-term supply chain resilience. The final model demonstrated that enhancing
transformation capacity through managerial foresight, technological risk management, and digital investment significantly improves supply
chain resilience and efficiency within the circular economy framework. The proposed model highlights that strengthening digital
transformation capacity can make the printing industry’s supply chain more resilient to disruptions. The integration of smart technologies
and digital solutions enhances inter-organizational collaboration, accelerates recovery, and supports long-term sustainability, ultimately
advancing the circular economy within the printing sector.
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four major dimensions: “transformation capacity,
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Extended Summary

Introduction

The rapid acceleration of digital transformation has reshaped the foundations of modern supply chains, creating both
unprecedented opportunities and new vulnerabilities. As industrial systems face growing complexity due to globalization,
technological disruption, and environmental instability, the need for resilient supply chain management has become
increasingly critical (Li et al., 2025). In this context, the integration of digital technologies is no longer optional but rather a
strategic imperative to enhance adaptability, visibility, and sustainability across supply chain networks (Ghobakhloo et al.,
2025). Resilience—the ability of a supply chain to anticipate, absorb, recover from, and adapt to unexpected disruptions—has
been widely recognized as a multidimensional capability (Tukamuhabwa et al., 2015). However, the literature highlights that
traditional supply chain structures are ill-equipped to manage the dynamic challenges of the digital era, particularly in circular
industries such as printing, where materials, energy, and production processes are interdependent and resource-intensive (De
Angelis, 2022).

Recent research has underscored that digital transformation plays a dual role in supply chain resilience: as both an enabler
of operational efficiency and a catalyst for strategic renewal (Singh et al., 2025). Technologies associated with Industry 4.0—
such as the Internet of Things (1oT), artificial intelligence (Al), and cyber-physical systems—facilitate data-driven decision-
making, predictive analytics, and real-time coordination, thereby reducing systemic risks (Nakandala et al., 2023). At the same
time, these technologies enable the development of circular supply chain models, where materials are continuously reused,
remanufactured, or recycled to minimize waste and maximize value retention (Lotfi et al., 2022). The integration of digital and
circular paradigms thus creates an ecosystem of interconnected actors and processes capable of learning, adapting, and self-
correcting under uncertainty (Kennedy & Linnenluecke, 2022).

Within this emerging paradigm, the printing industry faces unique challenges. The industry’s dependence on imported

materials, complex production processes, and fluctuating demand patterns makes it particularly vulnerable to supply chain
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disruptions. Events such as the COVID-19 pandemic and global economic fluctuations have further amplified these
vulnerabilities, exposing the lack of adaptive capacity and digital preparedness in the sector (Elgazzar et al., 2022; Taghipour
& Merimi, 2021). Despite recent efforts toward digitalization, the existing digital systems in the printing industry remain
fragmented, limiting their ability to predict, absorb, and recover from disruptions effectively (Sharifian Jazi et al., 2024; Shirazi
& Alroaia, 2024). Consequently, the question arises: how can digital transformation enhance supply chain resilience within a
circular printing industry context?

Theoretical and empirical studies suggest that the resilience of supply chains depends on the interaction of multiple
capabilities, including transformation, absorptive, adaptive, and continuity capacities (Gaudenzi et al., 2023). Transformation
capacity refers to the strategic and technological ability of an organization to initiate and manage digital change (Ghobakhloo
et al., 2025). Absorptive capacity encompasses the ability to capture and integrate external knowledge and technologies to
strengthen supply chain learning and collaboration (Yuan & Pan, 2023). Adaptive capacity represents the flexibility and agility
required to reconfigure operations and respond to market or environmental shifts (Nakandala et al., 2023). Finally, continuity
capacity ensures long-term recovery and sustainability by embedding digital solutions into ongoing operations (Cherrafi et al.,
2022). These interrelated capacities align with the dynamic capability framework, which emphasizes how firms leverage
internal and external resources to achieve resilience and competitiveness (Chari et al., 2022).

While many studies have examined the digitalization of supply chains, few have explicitly linked digital transformation to
resilience within the framework of circular economy principles (De Lima et al., 2022; Mamun, 2025). Furthermore, research in
developing industries—such as the Iranian printing sector—remains limited, despite its growing importance in the national
manufacturing landscape. The present study, therefore, aims to develop a comprehensive model of digital transformation factors
influencing resilient supply chain management in the circular printing industry. By combining qualitative and quantitative
approaches, this research identifies and validates the key dimensions and interrelations of digital transformation that strengthen
supply chain resilience.

Methods and Materials

This study adopted a sequential exploratory mixed-methods design comprising qualitative and quantitative phases. In the
qualitative phase, data were collected through semi-structured interviews with 20 experts, including senior managers,
consultants, and academic specialists in supply chain management, environmental management, and printing technology.
Purposive and snowball sampling techniques were applied to ensure the inclusion of participants with at least ten years of
relevant professional experience. The qualitative data were analyzed using inductive content analysis and a three-stage coding
process (open, axial, and selective coding).

In the quantitative phase, two structured questionnaires were distributed among the same group of experts. The first
questionnaire used a five-point Likert scale to assess the significance of identified factors, while the second utilized pairwise
comparisons to determine the causal relationships among variables. The fuzzy Delphi method was applied to filter and refine
the qualitative results, and the fuzzy Decision-Making Trial and Evaluation Laboratory (DEMATEL) method was employed
to construct a causal network map illustrating the relationships among key dimensions and sub-dimensions.

Findings

The qualitative analysis revealed four main dimensions of digital transformation affecting supply chain resilience in the

circular printing industry: transformation capacity, absorptive capacity, adaptive capacity, and continuity capacity. Under these
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four dimensions, twelve sub-dimensions and forty-five specific indicators were identified. The fuzzy Delphi process confirmed
the importance of these indicators and removed eight nonessential ones based on consensus among experts.

The fuzzy DEMATEL analysis further established the causal relationships between the identified factors. Among the four
dimensions, transformation capacity emerged as the most influential factor, exerting significant direct effects on absorptive,
adaptive, and continuity capacities. The quantitative results indicated that the total influence score for transformation capacity
was 1.165, confirming its dominant role in shaping overall resilience. In contrast, continuity capacity displayed the highest
level of dependency, with an influence score of -0.812, suggesting it is the most outcome-oriented and vulnerable dimension.

The analysis of sub-dimensions revealed that managerial foresight, technological capability, and digital risk management
were the primary drivers of transformation capacity. In the absorptive capacity dimension, smart logistics, data visibility, and
collaborative partnerships played critical roles. Adaptive capacity was primarily driven by operational agility, economic
efficiency, and intelligent flexibility. Finally, continuity capacity was shaped by digital dynamism, process re-engineering, and
recovery speed. The causal network indicated that strengthening transformation capacity initiates a chain reaction that enhances
the other three dimensions, ultimately reinforcing the resilience of the entire circular supply chain system.

Discussion and Conclusion

The results of this study confirm that digital transformation acts as the cornerstone of resilient supply chain management in
the circular printing industry. The finding that transformation capacity is the most influential dimension suggests that visionary
leadership, strategic investment in digital technologies, and proactive risk management are essential for initiating and sustaining
resilience-oriented change. This result aligns with the dynamic capability perspective, which posits that organizations capable
of sensing, seizing, and transforming opportunities in turbulent environments are more likely to maintain competitive
advantage.

Moreover, the strong causal link between transformation and absorptive capacities highlights the importance of digital
learning and data integration mechanisms in fostering collaboration across the supply chain. When firms effectively absorb
technological knowledge and external innovations, they can improve real-time coordination, reduce lead times, and enhance
supply chain visibility. Similarly, the relationship between absorptive and adaptive capacities underscores the role of flexibility
and agility in translating digital insights into operational adjustments. The ability to rapidly reconfigure production systems,
adopt alternative suppliers, and manage multi-channel logistics networks determines how effectively an organization can
respond to disruptions.

Continuity capacity, identified as the most affected dimension, represents the ultimate measure of resilience—the extent to
which the system can sustain operations and recover after disruptions. The finding that continuity depends heavily on
transformation, absorptive, and adaptive capacities reinforces the view that resilience is not a static state but a dynamic and
cumulative process. Once digital transformation strengthens data integration, agility, and collaboration, organizations can
sustain performance even during crises.

The proposed model also underscores the significance of circular economy principles in reinforcing digital resilience. In the
circular printing industry, reusing materials, adopting zero-waste practices, and extending product life cycles are deeply
intertwined with digital enablers such as predictive analytics, smart logistics, and blockchain-based traceability. The
convergence of circular and digital strategies thus ensures that sustainability and resilience evolve concurrently rather than as

separate agendas.
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From a managerial perspective, this study provides a framework for identifying which capacities should be prioritized to
enhance resilience through digital transformation. Managers should first invest in transformation capacity by articulating a
clear digital vision, supporting technology adoption, and fostering a culture of innovation. Second, they should strengthen
absorptive capacity through training programs, data-sharing platforms, and cross-functional collaboration. Third, enhancing
adaptive capacity requires reconfigurable supply chain systems and the use of Al-based forecasting tools to anticipate demand
and supply fluctuations. Finally, continuity capacity can be achieved through proactive recovery planning, digital process re-
engineering, and sustained monitoring of supply chain performance.

In conclusion, the findings demonstrate that digital transformation is not merely a technological upgrade but a strategic
process that redefines how supply chains in circular industries operate, adapt, and thrive. By leveraging digital tools to build
transformation, absorptive, adaptive, and continuity capacities, organizations in the printing sector can achieve both operational
robustness and environmental sustainability. The model proposed in this study offers a comprehensive roadmap for integrating
digital and circular paradigms, ensuring that supply chains become more intelligent, interconnected, and resilient in the face of

future uncertainties.
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