Balancing priorities: A configurational Framework to achieve strategic benefits from Sustainable Industry 4.0 enablers in Operations and Supply Chain

[bookmark: _Hlk153548558]Abstract: This study delves into the intricate integration of Industry 4.0 (I4.0) and sustainability within the realm of Operations and Supply Chain Management (OSCM), introducing a pioneering Sustainable I4.0-enabled OSCM (S-OSCM4.0) framework. From the lens of the dynamic capabilities view (DCV) and social exchange theory (SET), this research proposes a configurational framework using the CIMO logic—Context, Intervention, Mechanism, and Outcome— to achieve strategic benefits from S-OSCM4.0 enablers, specifically focusing on developing countries. Employing an empirical study with hybrid fuzzy multi-criteria decision-making methods, the study endeavours to delineate the prioritisation sequence for implementing pivotal enablers and subsequently realising the benefits of S-OSCM4.0, aligned with the 2030 agenda. The proposed framework offers a novel, integrative approach by combining DCV and SET within the CIMO logic, providing a robust, context-specific roadmap for Sustainable I4.0-enabled OSCM. It advances theory by bridging I4.0 and sustainability in OSCM for the digital transformation of developing countries.
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1. Introduction
The confluence of Industry 4.0 (I4.0) and sustainability in Operations and Supply Chain Management (OSCM) constitutes a transformative paradigm, redefining the landscape of intelligent, efficient, and sustainable industrial processes(Caiado et al., 2021). As Kamble et al.(2018) underscored, I4.0 introduces innovative technologies that reshape value chains, providing unprecedented opportunities for knowledge and structural advancements in OSCM(Koh et al., 2019). This fusion presents a theoretical and structural shift, necessitating exploration to comprehend its nuanced implications for sustainable digital transformation (Caiado et al., 2021). 
[bookmark: _Hlk174124067][bookmark: _Hlk179559481]Black swan events, such as global disruptions, underscore the necessity for OSCM to evolve dynamically to ensure resilience and sustainability(Luthra & Mangla, 2018).  The concept of Sustainable Industry 4.0 emerges in this context (Caiado et al., 2023), integrating sustainable practices within I4.0 frameworks to meet the 2030 Agenda for Sustainable Development and the Sustainable Development Goals (SDGs) (Nhamo et al., 2020). This integration presents significant opportunities but also requires overcoming critical gaps in understanding the systematic integration of key enablers and benefits within Sustainable I4.0-enabled OSCM (S-OSCM4.0) (Gerged, 2021). Current frameworks often lack a cohesive link between key enablers and benefits(Bag et al., 2018; Luthra, et al., 2020).  Furthermore, the absence of empirical studies, particularly in developing nations, hinders a comprehensive understanding of sustainable practices in dynamic global supply chains susceptible to unforeseen disruptions(Abd et al., 2024). Recent research emphasises the need for a configurational framework to achieve strategic benefits from sustainable I4.0 enablers in OSCM, especially in developing countries (Caiado et al., 2024a).
The intricate nature of Sustainable I4.0 presents both challenges and opportunities. The absence of resources and the need for innovative solutions beyond conventional perspectives further compound these challenges(Manavalan & Jayakrishna, 2019; Mastos et al., 2020). Developing new capabilities becomes imperative, requiring organisations to shift their approach to sustainable practices in OSCM(de Sousa Jabbour et al., 2018). Identifying key enablers for integrating I4.0 and sustainability into supply chains is crucial but insufficient; prioritising these enablers is essential, particularly in developing economies(Luthra et al., 2020a). Factors such as circular economy practices and increased supply chain visibility drive sustainable business models (Junaid et al., 2024). This alignment not only addresses climate challenges but also fosters eco-efficient production systems (Ghobakhloo et al., 2021), setting new standards for global competitiveness and environmental responsibility. The multifaceted nature of Sustainable I4.0 necessitates a systematic approach to decision-making. Multi-criteria decision-making (or Aid) (MCDM/A) methods emerge as valuable tools for systematising complex problems from a multiperspective view, particularly in the prioritisation of benefits and enablers within OSCM. MCDM/A methods can help OSCM organisations towards sustainable I4.0 by modelling problems and designing decision support systems(Kouhizadeh et al., 2021; Machado et al., 2021; Quezada et al., 2017). Developing a methodology combining MCDM/A methods is crucial for ensuring sustainable digitisation through informed decisions and efficient resource allocation in S-OSCM 4.0 organisations(Torbacki, 2021).
Existing research lacks comprehensive frameworks that link key enablers with benefits through hybrid MCDM/A methods, which are essential for managing trade-offs and prioritising enablers effectively (Gerged, 2021). In this vein, the primary research objective of this study is to develop and empirically validate a comprehensive framework that prioritises and aligns the key enablers of S-OSCM 4.0 with their associated benefits in the context of developing countries. To achieve this, the study focuses on integrating key enablers and benefits of S-OSCM4.0, determining which benefits are associated with these enablers, developing a prioritisation framework using hybrid MCDM methods, and validating the framework empirically in the context of developing countries. The specific research question guiding this study is: What is the sequence of prioritisation for implementing the key enablers and leveraging the benefits of S-OSCM 4.0?
This study adopts the Dynamic Capabilities View (DCV) and Social Exchange Theory (SET) as theoretical anchors to navigate these challenges and capitalise on opportunities. DCV, emphasising adaptability and innovation in response to radical discontinuous change, aligns with the need for OSCM to evolve dynamically in the I4.0 era (Bueno et al., 2023). SET, focusing on balancing trade-offs in decision-making, guides individuals and groups through the complexities of prioritising key enablers and realising benefits in a collaborative setting (Beier et al., 2020; Lima et al., 2023; Matos et al., 2020).
The interplay between SET and MCDM/A becomes significant as decision-makers, influenced by social exchange principles, navigate trade-offs and weigh benefits in a collaborative setting. By leveraging DCV and SET within the CIMO logic—Context, Intervention, Mechanism, and Outcome, we can propose context-specific design propositions that address these gaps (Denyer et al., 2008). Therefore, this paper aims to fill critical gaps by exploring how the combined effect of different mechanisms and interventions can lead to sustainable outcomes in OSCM.
Hence, this study strives to bridge the gap between the key enablers and the benefits of integrating sustainability I4.0, particularly in the context of developing countries. Building upon this foundation, our specific focus on Brazilian organisations in a developing country adds a crucial dimension, considering the unique challenges and opportunities in such contexts. A pioneering lens combining the DCV and SET was employed to provide a nuanced understanding of the implementation of S-OSCM 4.0. The emphasis on a configurational approach recognises the dynamic nature of OSCM, requiring strategic frameworks that adapt to the changing landscape of global supply chains. This study offers several contributions. Practically, it introduces a new decision support framework and provides empirical evidence that offers actionable guidance for organisations to prioritise and implement key enablers effectively, ensuring sustainable digital transformation(Luthra et al., 2020b). Theoretically, by linking DCV and SET to S-OSCM4.0, this research extends the understanding of sustainable digital transformation in OSCM, particularly in developing countries(Caiado et al., 2021). Methodologically, the combination of group MCDM/A methods with fuzzy logic and the CIMO framework introduces a novel approach to developing a configurational framework and deriving context-specific propositions (Machado et al., 2021).
The originality of this research lies in its integrative approach, combining DCV and SET within the CIMO logic to create a comprehensive and context-specific framework for S-OSCM 4.0. Combining these theories with CIMO offers a robust framework for understanding the integration of I4.0 and sustainability in OSCM. This combination addresses the need for a configurational framework to guide decision-making processes in a structured manner, especially in developing countries. This approach not only addresses existing research gaps but also provides a strategic roadmap for organisations in developing countries to navigate the complexities of sustainable digital transformation in the I4.0 era. By adopting this innovative methodology, the study aims to make significant contributions to the field of sustainable OSCM, offering new insights and practical solutions for leveraging the synergies between I4.0 technologies and sustainability goals(Bag et al., 2018). Finally, this new decision support framework facilitates sustainable digital transformation(Venâncio et al., 2022), prioritising key enablers. It is easily applicable in organisations in developing nations and could guide future research on fuzzy MCDM/A methods for S-OSCM 4.0.
This study is structured in five sections. Following the introduction, Section 2 presents the key enablers and the benefits of integrating I4.0 sustainability into OSCM, and explains the theoretical underpinnings – DCV, SET and CIMO - that serve as foundational pillars for the conceptual framework. Section 3 outlines the empirical research methodology. Section 4 details the results, including the empirically validated decision support framework for S-OSCM4.0, highlighting some propositions to balance priorities and SDG implications. Section 5 presents conclusions and possible directions for future research.
2. Theoretical background
This section introduces the key enablers and benefits of S-OSCM4.0, along with the DCV and SET theories, CIMO logic, and the conceptual framework. These theoretical underpinnings serve as foundational pillars for crafting a configurational framework to strategically harness benefits from S-OSCM4.0 enablers, specifically focusing on developing countries.

2.1 Sustainable Industry 4.0 key enablers and benefits aligned with the SDGs
This subsection introduces the key enablers and benefits of S-OSCM4.0.
2.1.1 Key enablers to S-OSCM4.0
The key enablers to S-OSCM 4.0 were identified in Caiado et al. (2023), through a content analysis of 131 papers selected in a SLR, and a Delphi survey combining fuzzy logic to solicit experts' perceptions from a developing country to analyse and determine the most pertinent enablers, resulting in a list of 10 key enablers for S-OSCM4.0. These key enablers are shown in Table 1.
Enabler #1 emphasises the need for companies to adopt a sustainable culture (philosophy) aligned with their objectives to achieve truly sustainable OSCM(May et al., 2016). Increasing customer awareness of sustainability concepts is crucial for higher adoption rates(Yadav et al., 2020). The integration of circular economy practices, supported by industrial ecology initiatives, is recommended for improved sustainability(Yadav et al., 2020). Enabler #2 suggests integrating I4.0 with the SDGs to enhance efficiency and effectively utilise both non-renewable and renewable resources(Bonilla et al., 2018).
Enabler #3 posits that consistent data flow, through scalability and modular business models, is essential, driving efficiency in I4.0 systems for financial benefits in OSCM (Gu et al., 2018). Enabler #4 states that achieving transparency and security in information, especially through digital technologies like Blockchain, is crucial for improving internal and external transparency in social responsibility reporting initiatives in OSCM(Birkel et al., 2019; May et al., 2016). Blockchain technologies are considered valuable tools for distributing data and enhancing security in the context of sustainable supply chains(Stock et al., 2018).
Enabler #5 posits that the transition to I4.0 is driven by an intentional internal innovation process guided by sustainable principles(Braccini & Margherita, 2019). Companies with strong innovation capabilities are positioned to develop environmentally friendly products, enhancing overall performance(Bag et al., 2020). Moreover, according to Enabler #6, it is essential to have Innovative business models. For example, Open innovation with a focus on sustainability in manufacturing systems is a significant and increasingly important aspect, emphasising the interactive process between companies and their environment to access diverse knowledge and solutions(Shim et al., 2018). The adoption of I4.0 requires effective change management practices, impacting organisational structure, systems, and policies. The DCV posits that dynamic capabilities are vital for a company's sustainability in a complex environment, emphasising continuous renewal through resource detection, exploitation, and(Gupta et al., 2020; Teece et al., 1997).
Enable #7 states that knowledge sharing and effective communication are critical in industrial work, playing a pivotal role in S-OSCM4.0. Information technology, including virtual reality (VR) and augmented reality (AR), plays a crucial role in generating meta-knowledge, fostering team performance improvement, and forming the foundation for environmentally sustainable manufacturing decisions(Kaasinen et al., 2020). Modern communication technologies such as mobile internet and industrial internet are essential for realising increased productivity and cost reduction(de Sousa Jabbour et al., 2018). Additionally, efficient communication marked by transparency, surveillance, and control brings various benefits to S-OSCM 4.0, including reduced downtime, waste, defects, and risks in processes(Ghobakhloo, 2020).
Moreover, employee empowerment and innovative incentive schemes are identified as key factors influencing sustainable performance(de Sousa Jabbour et al., 2018; Kaasinen et al., 2020). Emphasising managerial practices that promote autonomy and responsibility, along with the use of personal health technologies, contributes positively to employee well-being and innovation (Kaasinen et al., 2020). The digital age demands comprehensive education and training, including developing a diverse skill set for decision-makers, encompassing traditional technical expertise and new skills such as programming, BDA, and robotics(Ozkan-Ozen et al., 2020). Transformational leadership is identified as crucial for integrating I4.0 principles and enhancing sustainability performance, with top management commitment (Enabler #8) playing a key role in driving the sustainable digital revolution in OSCM(Muñoz-La Rivera et al., 2020).
A sustainable approach in OSCM involves integrating products with ancillary services, reducing resource usage, and leveraging digital technologies BDA to engage customers in environmentally friendly practices. Supplier collaboration and control, especially in sustainable purchasing, are also critical for a seamless sustainable supply chain. Involving unconventional partners, such as research institutes and startups with sustainable approaches, enhances the application of I4.0 technologies too. Thus, according to Enabler #9, it is critical to have collaborative networks in OSCM. Finally, Enabler #10 posits the importance of Strategic alignment. For example, integrated with I4.0, Agile operations respond effectively to market changes, while strategic budget allocation guided by the IoT enables global progress tracking (Wong et al., 2024). 


Table 1. Key enablers of S-OSCM4.0
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2.1.2 Benefits to S-OSCM4.0
The benefits of integrating sustainability and I4.0 in OSCM were identified by Caiado et al. (2022a), through a content analysis of 48 articles that complied with the selection criteria of a systematic review, and comprised energy reduction, lower consumption of resources, sustainable design, increase the production flexibility, shortening of time-to-market cycles, increase the quality of products and services, cost decreasing (or profit improvements), increase job quality, improves workers’ capability, and improve social conditions (e.g. creating employment opportunities for disabled and elderly employees). The benefits of S-OSCM4.0 integration, as shown in Table 2, are aligned with the 2030 agenda, which is considered a plan of action for people, the planet and prosperity.
[bookmark: _Hlk173052255]Table 2. Benefits of S-OSCM4.0
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           Table 2 reflects the benefits of implementing I4.0, which are aligned with the objectives of Agenda 2030 and is considered a comprehensive action plan for the dimensions of people, planet, and prosperity. On the planetary front, I4.0 shows the potential to significantly reduce energy and resource consumption, emphasising energy efficiency through real-time data and waste reduction through process simulation and the adoption of recycled materials (Machado et al., 2020; Stock et al., 2018). In terms of prosperity, the adoption of digital technologies such as BDA and machine learning is associated with improved efficiency, cost reduction, and increased productivity, thereby contributing to economic development(Elmas et al., 2023; Ghobakhloo, 2020; Kaiser et al., 2022; Li et al., 2020; Pinzone et al., 2020). Concerning people, the integration of I4.0 is linked to enhancing workforce capabilities through effective education, job development, and inclusive employment opportunities, demonstrating a commitment to social and economic sustainability(de Sousa Jabbour et al., 2018).
2.2  Dynamic Capabilities Theory: Adapting to Radical Discontinuous Change
The Dynamic Capabilities View emerges as a crucial lens in comprehending a firm's capacity to sense, seize, and transform opportunities, particularly when faced with radical discontinuous change. Kιrcι & Seifert (2015) underscore the essence of DCV in enabling firms to adapt and innovate in response to evolving market conditions. This adaptability is achieved through developing specific routines and strategies(Eisenhardt & Martin, 2000), allowing firms to reconfigure resources and secure a competitive advantage.
In the context of Sustainable I4.0 in supply chain management, DCV takes on added significance as it emphasises the necessity for firms to develop new capabilities to navigate and thrive amidst disruptive changes brought about by I4.0 technologies. Roozbeh Nia et al. (2020) extend DCV's application by proposing a dynamic framework for Sustainable Supply Chain 4.0, integrating technology enablers that become instrumental in addressing discontinuities. Felsberger & Reiner (2020) further explore the impact of I4.0 on the reconciliation of dynamic capabilities, stressing the imperative for firms to strengthen these capabilities continually. The ability to adapt to radical, discontinuous change positions firms to ensure competitiveness within the ever-evolving landscape of Sustainable I4.0.
[bookmark: _Hlk174125066]Recent research emphasises the duality between routines and improvisation (Carvalho, 2023), highlighting the need to balance stability and flexibility to overcome organisational inertia (Keller et al., 2022). Developing dynamic capabilities involves simultaneously renewing multiple competencies (Zeng et al., 2017) and incorporating creative actions (MacLean et al., 2015), which is crucial in rapidly evolving industries like automotive (Kim et al., 2022). This approach has demonstrated its value across various sectors, from media companies facing digital disruptions (Alkaraan et al., 2024; Murschetz et al., 2020) to small businesses in post-disaster environments (Battisti & Deakins, 2017). Recent conceptualisations emphasise dynamic capabilities as regular actions to modify organisational resources, highlighting the role of individual agencies (Kurtmollaiev, 2020; Quayson et al., 2023). Diaz Schery et al. (2024) expand on this by proposing a multilevel framework that integrates incremental, renewing, and regenerative dimensions of the DCV for digital transformation in construction. Existing research on DCV has primarily focused on their development as unified constructs, often overlooking the need to prioritise and balance different capabilities that may be developed separately or jointly, depending on a firm's specific competencies and sustainable goals. This gap underscores the necessity for a more nuanced approach that considers multiple interests and sustainable dimensions, allowing for differentiated prioritisation based on organisational strengths and strategic objectives.
2.3 Social Exchange Theory: Balancing Trade-Offs in Decision Making
The Social Exchange Theory is crucial in understanding the behaviour of decision-makers, particularly when individuals must navigate trade-offs. As proposed by (Blau, 1964), SET emphasises the importance of relationships and interactions in creating value. In the context of Sustainable I4.0, SET influences decision-making processes by guiding individuals to weigh benefits and risks systematically. Cutovoi (2020) explore the role of SET in enhancing environmental collaboration and increasing integrations in the remanufactured reverse chain. Lin et al.(2017) provide a comparative analysis of innovation policy in China and Taiwan, shedding light on the different approaches to environmental policy. These studies underscore the importance of considering SET in the context of I4.0 and sustainability and the need for further research in this area.
Influenced by SET, decision-makers engage in a process of first assessing benefits and risks and subsequently striving to maximise the former. Davis-Sramek et al. (2020) highlight the potential for SET to enhance environmental collaboration and integration within the supply chain, emphasising the role of relationships in driving sustainable practices. Bag et al.(2018) underscore the significance of top management support and collaborative platforms aligned with SET principles to drive the sustainability agenda within the supply chain.
From the perspective of S-OSCM4.0, SET becomes instrumental in guiding decision-makers as they navigate the complexities of prioritising enablers and balancing trade-offs in the pursuit of strategic benefits. The interplay between benefits and risks, inherent in SET becomes particularly relevant in the dynamic landscape of Sustainable I4.0, where decision-makers must make informed choices to maximise sustainable outcomes. Decision-makers within organisations often engage in collaborative efforts, where SET plays a pivotal role in shaping relationships and interactions within the group. The emphasis on value creation through relationships, as posited by SET (Blau, 1964), becomes particularly pertinent in group decision-making. Group decision-making introduces a collective dimension to prioritising sustainable benefits within OSCM. Cutovoi (2020) and  Davis-Sramek et al. (2020) highlight how SET can foster environmental collaboration and integration within the supply chain, especially when decisions involve multiple stakeholders. The dynamics of group interactions, guided by SET principles, become instrumental in shaping consensus on sustainable practices.
In this context of group decision-making and collaboration in the supply chain, it is pertinent to consider a broader perspective of SET. SET has demonstrated its versatility in various fields, ranging from supply chain management (Holthausen, 2010) to the internationalisation of higher education (Romani-Dias & Carneiro, 2019). Grounded in principles of rationality, self-interest, and interdependence (Stafford & Kuiper, 2021), SET has expanded its reach through integration with neuroscience for studying social decision-making (Sanfey, 2007). Nevertheless, it faces criticism for its lack of theoretical precision, including the overlap of constructs and imprecise predictions (Cropanzano et al., 2017; Cropanzano & Mitchell, 2005). To address these limitations and enhance its explanatory and predictive power, scholars propose expanding the theory by incorporating additional dimensions, such as activity (Cropanzano et al., 2017). This expansion is particularly relevant in the context of S-OSCM4.0, where it is still crucial to prioritize the key enablers, especially in developing economies (Yadav et al., 2020).

2.4 Integrating Dynamic Capabilities and Social Exchange
DCV refers to the ability of firms to adapt and innovate in response to changing market conditions(Kodama, 2018), which is achieved through the development of specific routines and strategies that enable the firm to reconfigure its resources and achieve a competitive advantage. On the other hand, the SET emphasises the importance of relationships and interactions in creating value(Blau, 1964). When applied to the dynamic capabilities view, this theory suggests that the development of these capabilities is influenced by the firm's interactions with its stakeholders, such as customers, suppliers, and partners. This can lead to creating collaborative dynamic capabilities, which are essential for building business ecosystems and achieving sustainable growth (Kodama, 2018).
Integrating DCV and the SET is crucial for forming SSCM (Lee et al., 2017) This is particularly relevant in the context of I4.0, where implementing new technologies and processes can significantly impact the sustainability of supply chains(Herbert-Hansen & Pietro, 2017). To develop a sustainable supply chain strategy, managers need to understand and adapt to new sustainability issues, especially in the face of global, international, and fragmented supply chains(Cuthbertson et al., 2011). The concept of a "dynamic on-demand supply chain" can further enhance the capabilities of supply chain leaders, particularly when combined with process improvement frameworks and on-demand technology (Schlegel & Trent, 2014).
[bookmark: _Hlk174125224]Current research delves into its practical application, revealing new dimensions of the interaction between dynamic capabilities and social exchange in the context of I4.0 and supply chain sustainability. The convergence of dynamic capabilities (Teece et al., 1997) and social exchange theory (Blau, 1964; Homans, 1958) within the I4.0 and sustainability framework provides a robust theoretical foundation for OSCM in the digital era. Eisenhardt & Martin (2000) suggest that this synergy allows organisations to proactively anticipate market changes, facilitating agile reconfiguration of competencies and strategic relationship management. This integrated approach positions companies to cultivate sustainable competitive advantages, especially in developing countries, by effectively integrating advanced technologies and sustainable practices in their operations and supply chains.
Recent studies by Davis-Sramek et al. (2022), and Huang et al. (2023) delve deeper into this integration, highlighting the importance of top management commitment and IT infrastructure in the implementation of I4.0 for sustainable development. Mihardjo et al. (2020) emphasise co-creation strategies for digital transformation in supply chains, while Bag & Pretorius (2020) and Sousa Jabbour et al. (2022) indicate how adopting I4.0 technologies can enhance sustainable manufacturing capabilities and circular economy. Sartori et al. (2022) underline the critical role of organisational knowledge management in Supply Chain 4.0, and Zekhnini et al. (2022) show that integrating efficient and green practices can lead to viable, sustainable, and digital supply chain performance. Collectively, these studies emphasise the need for a holistic approach to OSCM, incorporating technological innovation, sustainability, and human-centred strategies in the I4.0 era.

2.5 The CIMO logic
The CIMO logic, originally rooted in Bunge's (1967) technological rule and expanded by Pawson and Tilley (1997), can be reinterpreted through the lens of DCV and SET to understand S-OSCM 4.0. In this context, the formula "context + mechanisms = outcomes" takes on a new meaning. The context (C) represents the dynamic technological landscape and complex stakeholder networks in developing countries. Interventions (I) are strategic actions to implement S-OSCM 4.0 enablers. Mechanisms (M) become the firm's ability to sense and seize opportunities, transform assets, and manage sustainable social exchanges within the supply chain. Outcomes (O) are the strategic benefits resulting from these dynamic capabilities and relational strategies. This reframed CIMO logic can be expressed as: "To achieve strategic benefits O in the context of developing countries C, implement S-OSCM 4.0 enablers I that leverage dynamic capabilities and sustainable social exchange mechanisms Y and Z." This approach provides a framework for designing solutions to navigate the complexities of sustainable digital transformation in OSCM.
The CIMO logic, viewed through DCV and SET, offers insights into achieving strategic benefits from S-OSCM 4.0 enablers. Context (C) represents the evolving technological and sustainability landscape in developing countries, including their unique challenges and opportunities (Caiado et al., 2024). Interventions (I) are the implementation of key S-OSCM 4.0 enablers(Bag et al., 2018; Luthra & Mangla, 2018), prioritised based on their potential impact. These interventions activate mechanisms (M) rooted in the firm's ability to reconfigure its capabilities for sustainable operations and manage collaborative relationships across the supply chain. The outcomes (O) are the realised strategic benefits aligned with the 2030 agenda, such as improved operational efficiency, reduced environmental impact, and enhanced stakeholder value(Elmas et al., 2023; Ghobakhloo, 2020; Kaiser et al., 2022; Li et al., 2020; Machado et al., 2024; Pinzone et al., 2020).
This theoretical approach contributes to the literature by applying DCV and SET to understand the enablers and benefits of S-OSCM 4.0, particularly in the context of developing countries. It addresses the need for a configurational framework that can guide organisations in prioritizing and implementing S-OSCM 4.0 enablers. By focusing on dynamic capabilities and sustainable social exchanges, this framework offers insights into how organisations can develop the adaptability and collaborative networks necessary for successful sustainable digital transformation in their operations and supply chains. The resulting decision support framework provides actionable guidance for organisations navigating the complex intersection of Industry 4.0 technologies and sustainability imperatives in OSCM.

2.6 Conceptual framework
The ongoing debate within S-OSCM 4.0 has shifted from traditional contingency variables to a more dynamic and relational perspective. This study leverages the DCV and SET to understand the mechanisms enabling S-OSCM 4.0 in developing countries. The DCV guides our exploration of how organisations reconfigure their resources and capabilities to integrate I4.0 technologies sustainably, while SET provides insights into the collaborative relationships necessary for successful implementation across the supply chain.
Inspired by the contextual nature of the CIMO logic, we anticipate that different mechanisms and interventions will produce varied outcomes in different contexts in a developing country(Pfaff, 2023). This expectation guided our sampling strategy, which included experts from different types and sizes of organisations in a developing country. Figure 1 synthesises this paper's approach and offers a theoretical underpinning of the research.
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Figure 1: Theoretical underpinning of the research

Combining DCV and SET with the CIMO logic provides a powerful analytical framework for understanding S-OSCM 4.0 enablers and benefits(Lee et al., 2017). This integrated approach informed the selection of our research methodology: a panel of experts analysed through the FAHP and FVIKOR methods. These methods were chosen to identify and prioritise the enablers of S-OSCM 4.0 in selected organisations within developing countries, based on a comprehensive set of enablers derived from the literature.
The analysis of results was guided by the CIMO logic, scrutinising how dynamic capabilities and social exchange mechanisms in different developing country contexts interact to generate interventions resulting in various strategic benefits. This approach allows us to set roadmaps for implementing S-OSCM 4.0 enablers and realising their benefits in alignment with the 2030 agenda.
By integrating DCV and SET with the CIMO logic, our research contributes to the growing body of literature on sustainable digital transformation in OSCM, particularly in the context of developing countries. This theoretical framework enables a nuanced understanding of how organisations can develop the necessary capabilities and relationships to successfully implement S-OSCM 4.0 enablers and achieve strategic benefits.
The next section of this paper provides details on the research methodology adopted, followed by the presentation of results and their discussion in the context of our theoretical framework.

3. Research Methodology
The research methodology employs a multimethod approach that combines empirical and conceptual methods to construct a novel artefact(Bueno et al., 2023).  This study employed a two-step approach. The first step is theoretical research, directed towards the construction of the conceptual framework that considers the key enablers and benefits of S-OSCM4.0. It builds upon previous studies (Caiado et al., 2022b, 2023) and employs a comprehensive methodology to ensure a robust and thorough exploration of the research topic.  The conceptual framework covers the link between the DCV, SET, and CIMO logic to achieve sustainable digitalisation according to the SDGs. This is based on the alignment between I4.0 and sustainability in OSCM. The second step is empirical and consists of developing the decision support framework. This stage seeks the opinion of industry professionals to incorporate suggestions, determine the weights of benefits, and evaluate the criticality of the key enablers to construct the decision support framework. The analysis employed cutting-edge methods in fuzzy multi-criteria decision-making. The integration of the Fuzzy Analytical Hierarchy Process with Fuzzy VIKOR (Višekriterijumska Optimizacija I Kompromisno Rješenje), inspired by the innovative work of Jain et al. (2018), enabled sophisticated prioritisation of key enablers and benefits within the S-OSCM 4.0 framework. This hybrid approach not only addressed the inherent complexity of the topic but also set a new standard in sustainability research in the digital age.

3.1 Data collection and sample
This exploratory study employed a triangulated methodology, combining qualitative and quantitative data collection mechanisms to operationalise the research questions and constructs(Yusuf et al., 2013). Triangulation, which involves the use of multiple methods for data gathering, was also implemented. The use of multiple information sources, including content analysis of scientific articles and contributions from the expert panel, strengthens the construct validity of the research (Eisenhardt, 1989). This multifaceted approach provides a more robust and holistic understanding of the studied phenomenon, allowing for triangulation of perspectives and cross-validation of findings.

3.1.1 Theoretical data 
Systematic literature reviews shown in Caiado et al. (2022a) and Caiado et al. (2023), as the first mechanism of the triangulated methodology, formed the foundation of our research approach. This comprehensive review process was structured to ensure a thorough and unbiased examination of the existing literature on S-OSCM 4.0. The focus was on identifying and prioritising the key enablers (Caiado et al., 2023) and benefits (Caiado et al., 2022a) associated with S-OSCM 4.0. In both reviews the keywords were selected based on previous relevant studies in the field (Kamble et al., 2018; Luthra & Mangla, 2018). These keywords aim to capture the three main concepts of the research, prioritising the key enablers (Caiado et al., 2023) and benefits (Caiado et al., 2022a). Terms such as “Industry 4.0” and “smart manufacturing” were chosen as keywords due to their direct relevance to our research. Smart manufacturing is a key component of I4.0 (Osterrieder et al., 2020), which is the central theme of our study. It encompasses the use of advanced digital technologies to improve manufacturing processes, which aligns with our objective of proposing a framework for integrating sustainability into I4.0. While terms like digital and emerging technologies are related to general technological evolution, their scope is considerably broad (Zhong et al., 2017). These concepts, although relevant, encompass a diverse range of innovations that extend beyond the specific realm of industrial production. In contrast, our focus on smart manufacturing allows us to delve into a more specific and pertinent area of interest, facilitating a detailed analysis of the technologies, methodologies, and systems that are redefining manufacturing in the digital age (Xu et al., 2018).
Additionally, it is crucial to incorporate concepts related to sustainability and the UN's SDGs into our search string (Wackernagel et al., 2017). Although these terms are distinct, they are intrinsically linked within the context of our research. Specifically, sustainability refers to the broader principle of ensuring long-term environmental, social, and economic viability, whereas the UN SDGs provide specific targets and indicators that guide the application of these principles (Bebbington & Unerman, 2018). The inclusion of these terms allows us to explore the intersection of I4.0 technologies with sustainable development practices, a growing area of research interest (Bai et al., 2020). Moreover, this approach enables us to capture studies that investigate how smart manufacturing can contribute to achieving sustainability goals, thus providing a more comprehensive view of the evolving industrial landscape (Ghobakhloo, 2020). 

3.1.2 Empirical data 
Online interviews were conducted using an innovative theoretical sampling approach inspired by the pioneering vision of Gioia et al. (2013). This method, far from static, evolved organically with the accumulation of data, allowing for a deep exploration of the inherent complexities of S-OSCM 4.0. The selection of experts was governed by strict criteria that exceeded traditional conventions. In accordance with the reasoning presented by Bai et al. (2020), we established a minimum requirement of 5 years of experience in sustainability and OSCM, along with a 2-year experience threshold in I4.0. These criteria were further supplemented by a stringent evaluation of the participants’ current relevance in the field and their proactive engagement. This screening process reduced an initial group of 25 candidates to an elite panel of 15 experts, each representing an invaluable source of knowledge at the intersection of sustainability and I4.0. Table 1 provides an overview of the selected experts' profiles, including their experience levels, and areas of expertise.
The interviews, true forums of intellectual exchange, were structured into four strategic segments: professional profile, conceptualization of S-OSCM 4.0, analysis of the qualitative evaluation of enablers and benefits, and analysis of quantitative evaluation of enablers and benefits. The implementation of a fuzzy linguistic scale, inspired by the work of Luthra et al. (2020a) and Caiado et al. (2021), allowed for capturing the subtleties and ambiguities inherent in human judgments in the context of sustainability and digital transformation.
The methodological rigour was reflected in the extended duration of the interviews (30-60 minutes) and the presence of multiple researchers, a strategy supported by Eisenhardt and Graebner (2007) to enhance interpretative robustness. Additionally, following the approach of Dubey et al. (2019), strict independence between interviews was maintained to preserve the authenticity of each expert perspective.


Table 1. Professional characteristics of expert panel members

[image: ]

To provide context for these experts' environments, it's important to highlight the diversity and richness of experience represented by the participating professionals in Brazilian organizations. Our analysis encompasses a wide spectrum of sectors, including Information Technologies (IT), finance, telecommunications, education, microbiology, and specialized services. The experts come from a variety of companies, ranging from large banks and telecom operators to small and medium-sized enterprises (SMEs), consultancies, and educational institutions. This diverse group includes entrepreneurs, consultants, IT managers, developers, university professors, and directors, each bringing a unique perspective to the research.
Their commitment to sustainable practices is evidenced by various initiatives, such as electronic waste management, energy efficiency programs, social responsibility projects, and alignment with the UN Sustainable Development Goals. The I4.0 technologies adopted include cloud computing, the Internet of Things (IoT), big data analytics (BDA), cyber-physical systems (CPS), artificial intelligence (AI), and blockchain, among others. This unique combination of sectoral diversity, extensive experience, and dual emphasis on technological advancement and sustainability makes this group ideal for research on S-OSCM4.0, offering valuable insights into how different industries are integrating these concepts into their operations and strategies within the Brazilian business context.
Moreover, 12 of them hold postgraduate academic credentials (MBAs and specialised master's degrees), and the remaining 3 have undergraduate education related to the researched areas. Regarding their professional performance, although the minimum required was 5 years in the company, on average, they have accumulated 11 years in strategic and technical roles, and 9 have previously held managerial positions in the sector. Thus, their education level and extensive tenure in the organisation and industry ensure that this team of experts possesses the skills, practical knowledge, and outstanding background to make highly valuable contributions to the study.

3.2 Data analysis
[bookmark: _Toc91497800]            The dynamics of power and dependence play a crucial role in Social Exchange Theory. Within SET, power is conceptualised in terms of resources and their exchanges(Young-Ybarra & Wiersema, 1999). By integrating SET with the Multi-criteria Decision Making (MCDM/A) approach, the relevance of these dynamics becomes evident. According to Young-Ybarra and Wiersema (1999), in SET, power and resulting dependence enable the exploitation of some individuals by others. Similarly, in MCDM/A, certain criteria may wield greater power and influence over the final decision due to their relative importance, akin to a partner with valuable and scarce resources. However, this situation may lead to an excessive dependence on that criterion, potentially biasing the decision, much like dependence on a powerful partner can negatively impact a social exchange relationship. Thus, by unifying SET and MCDM/A, the analysis of the underlying dynamics of power and dependence becomes crucial for a comprehensive understanding of fair and robust multi-criteria decision-making.
3.2.1 MCDM/A approaches
The MCDM/A method is a crucial problem-solving approach that integrates quantitative and qualitative analyses across various criteria(Sitorus et al., 2019). According to Roy (1996), the MCDM can be applied to four types of problems: I. Choice problem: defining the best option or action in a series of alternatives; II. Classification problem: to allocate each of the options in previously established categories, according to common characteristics that you want to group them for decision making; III. Ordering problem: ranks the alternatives in a descending preference ranking; IV. Description problem: helps decision-makers to systematically evaluate alternatives, comparison criteria and consequences of their actions.
[bookmark: _Hlk174124981]      The study employs group decision-making approaches, including the fuzzy Analytical Hierarchy Process (FAHP) and fuzzy VlseKriterijumska Optimizacija I Kompromisno Resenje (FVIKOR). These methods were carefully selected to align with the research objective of prioritising key enablers and benefits within the complex, multi-stakeholder context of S-OSCM4.0.  FAHP, integrating traditional AHP and fuzzy theory, is utilised to determine the weight values for sustainable development (SD) benefits through expert interviews(Hsu et al., 2010). This method was chosen for its ability to handle the inherent uncertainty and vagueness in human judgments when dealing with complex sustainability issues (Govindan et al., 2013). FAHP's hierarchical structure aligns well with the multi-tiered nature of sustainability benefits in S-OSCM4.0, allowing for a systematic decomposition of the problem (Luthra et al., 2017). Additionally, FVIKOR, applied with input from 15 experts, addresses ranking problems in supply chain management (SCM) and sustainability (Rostamzadeh et al., 2015). FVIKOR was selected for its ability to provide compromise solutions in complex multi-criteria scenarios, which is particularly relevant in balancing the often conflicting objectives of sustainability and operational efficiency in Industry 4.0 contexts (Mardani et al., 2016). Its focus on ranking alternatives aligns with our objective of prioritizing key enablers.
           Notably, both AHP and VIKOR incorporate fuzzy set theory to reduce subjectivity in the applications of FAHP and FVIKOR(Cunha et al., 2021). This integration of fuzzy logic addresses the research objective of managing uncertainty in expert judgments, a critical aspect when dealing with emerging and complex fields like S-OSCM4.0 (Zavadskas et al., 2014). The combination of FAHP and FVIKOR in a hybrid approach offers several advantages that align with our research objectives. Firstly, it allows for a comprehensive evaluation that captures both the hierarchical nature of sustainability benefits (through FAHP) and the nuanced ranking of enablers (through FVIKOR). Secondly, this hybrid method enhances the robustness of the decision-making process by incorporating multiple perspectives and dealing with the inherent fuzziness of sustainability assessments(Wang et al., 2021). Lastly, integrating these methods facilitates a more holistic understanding of the interrelationships between enablers and benefits in S-OSCM4.0, supporting our aim to develop a comprehensive framework (Padhi et al., 2018).
The following sections describe the methods and their steps. These analyses were performed with R software(Team, 2021).
3.2.2 [bookmark: _Toc91497802]Fuzzy AHP
Analytic Hierarchy Process (AHP) is one of the most used MCDM methods in literature(da Cruz et al., 2022; de Paula Vidal et al., 2022; Vidal et al., 2020; Yang et al., 2017) due to its attractive resources, such as the possibility to evaluate the consistency of the decision problem. However, this approach has shortcomings related to the use of an unbalanced judgment scale that is often imprecise and subjective(Sun, 2010). These can be improved through the combination of AHP with fuzzy logic(Zadeh, 1965, 1972), known as FAHP. In this study, FAHP was used due to its well-organised approach for determining the criteria weights and for the justification of multi-criteria group decision-making problems using fuzzy set theory(Cunha et al., 2021). The FAHP was composed of five steps as follows:
1. Determining the criteria and establishing a hierarchical structure. 
The first step of the FAHP consists of defining the criteria and organising them in a hierarchical structure, the established criteria and the alternatives that need to be ranked(Rezaie et al., 2014).
2. Collecting expert judgments in fuzzy parity comparison matrices (PCM). 
The second step consists of establishing the pairwise comparisons between the criteria by decision-makers, following the fuzzified Saaty fundamental scale (Saaty, 1982). The evaluation is performed on linguistic variables, which are associated with triangular fuzzy numbers (TFNs), and the evaluations are therefore converted into three parity comparison matrices (PCMs). Table 3 represents each linguistic variable with their respective positive and negative TFNs.





[bookmark: _Ref89032172][bookmark: _Toc89108322]Table 3. Triangular fuzzy numbers
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            Source: Chiou et al.(2012)
The three evaluations are then aggregated into a single PCM, using the geometric mean method proposed by Buckley(1984) as illustrated in:
	
	
	(1)


3. Calculation of consistency ratio (CR). 
In the third step, the consistency of the judgments made is evaluated. To calculate the consistency of the FAHP, the method proposed by (Gogus & Boucher, 1998) was used, which consists of calculating two CRs, one with the mean values of each TFN (component m) and the other with the geometric mean of the smaller and larger values (l and u components). Firstly, the method consists of forming two new PCMs, one of which we call , formed by the mean values of the aggregate matrix and the second we call  and will be formed by the geometric mean of the smallest and largest values. The next process follows the Saaty method for crisp numbers, in which for each of the matrices the weight vectors or eigenvectors  and  are calculated, according to:
	
	 where	
 where            
	(2)


From the weight vectors, the mean eigenvalue of each of the matrices is calculated, according to:
	
	

	(3)


Following the procedure, the next step is to calculate the consistency indices (CI) from:
	
	

	(4)


Then, to calculate the consistency ratio (CR), the CI is divided by the random index (RI). Gogus & Boucher (1998) developed an RI table as a function of the matrix size, that is, the number of criteria used, illustrated in Table 4.

[bookmark: _Ref89032251][bookmark: _Toc89108323][bookmark: _Ref89032235]Table 4. Random indexes (RI)
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Source: Adapted from (Gogus & Boucher, 1998)
4. Calculation of fuzzy weights
The fourth step of the FAHP is to define the fuzzy weights of each criterion in the TFN format, which is denoted by (l,m,u), where l corresponds to the smallest possible value, m the most probable value and u the largest possible value. For the calculation, the geometric mean method of  Buckley(1984) is used, represented by the following equations, where  represents the fuzzy weight of criterion i.
	
	

	(5)


5. PCM defuzzification and calculation of crisp weights
In the fifth step, the fuzzy weights are converted to crisp numbers. For this, the Center of Area (COA) method was used. First, the crisp weights are calculated by the COA method, and then, the normalised weights of each criterion are calculated (Kilic et al., 2014).

	
	

	(6)


This section presents a fuzzy extension of VIKOR that is based on the methodology proposed by (Opricovic, 2011), which uses triangular fuzzy numbers (TFN) to solve a discrete fuzzy multi-criteria problem with non-commensurable and conflicting criteria (Serafim Opricovic, 2011). Thus, the FMCDM/A linguistic terms are utilised to calculate that vagueness with ratings. The steps of the procedure proposed are (Papathanasiou & Ploskas, 2018):
1.  Identify the Objectives of the Decision-Making Process and Define the Problem Scope In this step, the decision goals and the scope of the problem are defined. In this step, the objective is to evaluate the key enablers regarding the criteria.
2.  Arrange the Decision Making Group and Define and Describe a Finite Set of Relevant Attributes. In this step, a group of decision-makers is formed to identify the criteria and their evaluation scales. In this study, there are three criteria, ten sub-criteria and ten different alternatives.
3. [bookmark: _Ref89032334][bookmark: _Toc89108324] Identify the Appropriate Linguistic Variables. In this step, the appropriate linguistic variables for the ratings of alternatives concerning the criteria are chosen. The decision-makers used TFN linguistic variables shown in Table 5 to evaluate the ratings of alternatives concerning qualitative criteria.



Table 5. The correspondence of linguistic terms and values. (FVIKOR)
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4. Pull the Decision Makers’ Opinions to Get the Aggregated Fuzzy Weight of Criteria and Aggregated Fuzzy Rating of Alternatives, and Construct a Fuzzy Decision Matrix. The aggregated fuzzy ratings ) of alternatives with respect to each criterion can be calculated as:
                                                                                                       (7)
Where
,  ,  
The problem can be concisely expressed in matrix format as follows:
                                                                                    (8)          
And the vector of the criteria as:
                                                                                                                  (9)
Where  and , , are linguistic variables according to the third step and can be approximated by TFN:
5.  Defuzzify the Fuzzy Decision Matrix and Fuzzy Weight of Each Criterion into Crisp Values In this step, there is the Deffuzzification of the fuzzy decision matrix into crisp values using COA defuzzification relation.
6.  Determine the Best and the Worst Values of All Criteria Functions.
Determine the best and the worst  values of all the criteria functions
                                                         (10)
If the jth function is to be maximised (benefit) and
                                                     (11)
If the jth function is to be minimised (cost).
7.  Compute the Values Si and Ri. Compute the values Si and Ri by the relations
                                                           (12)

8. Compute the Values Qi. Compute the values Qi by the relation
                                                     (13)
Where ; ; ; ; and  is introduced as a weight for the strategy of the “maximum group utility”, whereas  is the weight of the individual regret. 
9.  Rank the Alternatives. Rank the alternatives, sorted by the values S, R, and Q in ascending order. The results are three ranking lists.
10.  Propose a Compromise Solution Propose as a compromise solution the alternative [], which is the best ranked by the measure Q (minimum) if the following two conditions are satisfied:
C1 - Acceptable advantage: 
                                                                                             (14)
Where  is the second-ranked alternative by the measure Q and 
C2 - Acceptable stability in decision-making: 
The alternative A(1) must also be the best ranked by S and/or R. This compromise solution is stable within a decision-making process, which could be the strategy of maximum group utility (v > 0.5), or “by consensus” (v ≈ 0.5), or “with veto” (v < 0.5). If one of the conditions is not satisfied, then a set of compromise solutions is proposed, which consists of:
· Alternatives and  if only the condition C2 is not satisfied, or
· Alternatives , , ,  if the condition C1 is not satisfied; is determined by the relation  for the maximum  (the positions of these alternatives are “in closeness”).






[bookmark: _Toc91497807]4. Results and Discussion
[bookmark: _Toc91497813]This section presents the findings of the analysis of the qualitative (insights) and quantitative (prioritization and ranking) evaluation of enablers and benefits, as well as A configurational Framework to achieve strategic benefits from Sustainable Industry 4.0 enablers in OSCM, and a CIMO-driven roadmap to implement Sustainable I4.0.

[bookmark: _Hlk174125727]4.1 Empirical insights from qualitative data
The qualitative data collected from interviews allowed us to identify some insights regarding the inter-relationships between enablers and benefits. Firstly, the emphasis on sustainable culture and renewable natural resources emerges as foundational in modern organisational strategies. A sustainable culture and a focus on renewable resources significantly influence elements such as innovative business models and internal innovation processes. Integrating sustainable practices and resource management into the core organisational philosophy is essential for fostering innovation and resilience. The high impact of sustainable culture and renewable resources on energy consumption, resource consumption, and sustainable design highlights their crucial role in driving environmental benefits. Moreover, closed-loop systems, which focus on recycling, reusing, and reducing waste, align perfectly with a sustainable culture. These systems contribute significantly to reducing resource consumption and enhancing overall sustainability.
Data security and consistent data flow are key enablers for effective communication and strategic alignment. Secure and reliable data management underpins effective communication channels and the alignment of strategic goals across the organization. This highlights the importance of robust IT infrastructure and data governance policies to facilitate seamless information exchange and coordination. For instance, Blockchain, with its decentralised ledger, offers enhanced data security, ensuring that information remains tamper-proof and transparent, thus mitigating risks associated with data breaches. This is crucial for improving operational efficiency and profitability by safeguarding sensitive data and ensuring reliable information flow.
Internal innovation processes and innovative business models are pivotal across various benefits. Fostering an innovative environment internally enhances performance across energy efficiency, resource management, and profitability. Innovative business models that incorporate circular principles not only drive profitability but also contribute to sustainability, although their impact on flexibility and job quality may require more targeted strategies to directly enhance operational flexibility and workforce engagement.
Top management commitment and collaborative networks play a crucial role in implementing sustainable and innovative practices. Commitment from top management provides the necessary leadership and resources, while collaborative networks offer diverse perspectives and shared knowledge, driving effective implementation and continuous improvement. Top management commitment is vital for ensuring high quality and profitability, indicating its essential role in supporting sustainable and innovative practices.
Strategic alignment and effective communication are high to very high enablers for most benefits. Aligning organisational strategies with market demands and internal capabilities is essential for achieving high-quality, profit, and timely market responses. Effective communication ensures that organisational efforts are well-coordinated to achieve strategic goals. For instance, by providing a transparent and secure communication platform, Blockchain enhances strategic alignment by ensuring that all stakeholders have access to accurate and up-to-date information. Both factors highlight the importance of aligning internal processes and communication channels with broader organisational strategies to achieve superior outcomes.
Lastly, collaborative networks show moderate to high influence, particularly in enhancing workforce capability and societal conditions. Partnerships and external collaborations play vital roles in driving societal benefits and enhancing the overall capability of the workforce. While external partnerships are essential, they must be strategically integrated with internal processes to maximise their effectiveness.
Hence, the combined analysis of organisational factors and their impacts on benefits reveals that sustainable practices and innovation are central to achieving comprehensive benefits across environmental, operational, and societal dimensions. Robust data management and security are critical for operational efficiency and quality, while effective communication and top management support are indispensable for fostering an environment conducive to innovation and sustainability. Strategic alignment and collaborative networks further complement these enablers, ensuring that the organisation’s strategies are well-integrated and supported by both internal and external stakeholders. This holistic approach enables organisations to adapt and thrive in a rapidly evolving market landscape.

4.2 Empirical findings: prioritisation and ranking 
[bookmark: _Hlk91843575]To evaluate the criticality of deploying these 10 key enablers, there was also the need to prioritise the ten sustainable development benefits accomplished by the S-OSCM4.0 implementation. To resolve the clarity and vagueness of human thinking (compared with AHP), FAHP was used by adopting the column geometric mean method(Buckley, 1984). FAHP involves steps of establishing fuzzy linguistics, defuzzification, and normalisation. The resulting integrated fuzzy-weighted decision matrices are shown in Table 8. All CR (CRm and CRg) values were lower than 0.1; thus, all the judgments are considered consistent, representing the accuracy of the results of the group of respondents interviewed. 

[bookmark: _Ref89104254][bookmark: _Toc89108330]Table 8. Integrated Fuzzy Comparison Matrix
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Table  8 indicates that the experts were most concerned with the Planet's benefits. The maximum weight obtained by combining global priority is the Planet aspect (0.399) through FAHP, and secondly are the People aspect (0.323) and Prosperity aspect (0.278). Within the “Planet” dimension, experts were most concerned with Energy consumption. Within the “People” dimension, the Society conditions was the most important. Within the “Prosperity” dimension, experts were most concerned with Quality. 
[image: ]
[bookmark: _Ref89104405][bookmark: _Ref89104398][bookmark: _Toc89108369]Figure 1. Global fuzzy weights
The results illustrated in Figure 1 indicate that the sequence of the four benefits with the highest weights of all the SD benefits of S-OSCM4.0 were Energy consumption, Society conditions, Sustainable design, and Resource consumption. The total weight for these four benefits was 0.5405. The least important items among the factors considered by experts when prioritising benefits were “Quality”, “Time-to-market cycles”, “Flexibility”, and “Profit”. The total weight for these four aspects was 0.2847, as illustrated in Table 9.




[bookmark: _Ref89104573][bookmark: _Toc89108331]Table 9. Evaluation of benefits weights using FAHP with ten experts (Buckley’s method)
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After applying FAHP to determine the weights for the benefits that are the criteria and subcriteria, this study also considered the uncertainty to explore the level of impact of the key enablers to achieve the benefits. Thus, in this section, a hybrid FMCDM/A method - combining fuzzy weights of FAHP and the performance of the ten key enablers in relation to the benefits through FVIKOR – was proposed, as illustrated in Figure 2. This application had the participation of five more experts in addition to the ten who participated in the interviews in the previous round, totalling a panel of 15 respondents. This proposed hybrid method can allow decision analysts to better understand the entire assessment process and provide a more accurate and systematic decision support tool(Sun, 2010).
.
[image: ]
[bookmark: _Ref89104643][bookmark: _Toc89108370]Figure 2. Hierarchy of benefits x key enablers

The integration of Fuzzy set theory(Zadeh, 1965) with VIKOR, a compensatory MCDM method that focuses on ranking and sorting a set of alternatives against various decision criteria, aims to resolve the lack of precision in the evaluation (Opricovic, 2011) of the key enablers against the benefits weighted previously. Unlike TOPSIS, VIKOR introduces the ranking index based on the particular measure of closeness to the ideal solution and uses linear normalisation to eliminate units of criterion functions (Cunha et al., 2021). The most considerable advantage of the VIKOR technique consists of its capacity to obtain a “compromise solution with the maximum group utility of a majority whilst maintaining a minimum of an individual regret for the opponent” (Opricovic & Tzeng, 2004). Table 10 exemplifies the assessment of one of the fifteen decision-makers.
[bookmark: _Ref89104708][bookmark: _Toc89108332]Table 10. Criticality of key enablers (one expert’s rating is given as an example)
[image: ]
Table 11 presents the aggregated fuzzy values of expert rates and subjective importance weights obtained through this Fuzzy MCDM method.



[bookmark: _Ref89104755][bookmark: _Toc89108333]Table 11. Integrated Matrix (FAHP-FVIKOR) and the best and the worst fuzzy values
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Then, Table 12 presents the fuzzified results, which include the maximum group utility (Si, “majority”), the minimum of the individual regret (Ri) of the “opponent”, and the strategy parameter (Qi). This study used the constant value as , which implies consensus among decision-makers, decreasing the discrepancy among decision-makers (Tian et al., 2019)
[bookmark: _Ref89104796][bookmark: _Toc89108334]Table 12. The fuzzy values of S, R and Q for each key enabler (FVIKOR)
[image: ]
Crisp values (by defuzzification) of , , , j = 1, 2, …, J are presented in Table 13. Ranking by crisp values are Thus, considering DQ = 0.1111, the compromise solution is which is: Strategic alignment, satisfying the two conditions (acceptable advantage and stability in decision-making).
[bookmark: _Ref89104846][bookmark: _Toc89108335]Table 13. The defuzzified values of S, R and Q for each key enabler 
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As can be seen from the results shown in Table 13, strategic alignment is the most relevant enabler, followed closely by Top management commitment. Although all enablers should be leveraged for S-OSCM 4.0, it is clear that without a supporting managerial strategy, this can prove to be a difficult task.
4.3 Framework proposal and discussion
Recent studies indicate that adopting I4.0 significantly impacts the sustainability aspects of supply chain networks(Meng et al., 2018). Core companies in the supply chain need to develop dynamic capabilities to innovate and meet the changing demands of I4.0, leading to sustainability. However, given power dynamics and dependencies, new technologies must be integrated and implemented ethically and equitably without exploiting or harming weaker participants in the chain. In other words, the innovation and agility emphasised by dynamic capabilities must be balanced with an MCDM/A approach that considers the needs and interests of multiple stakeholders, considering underlying power relationships, for robust and fair decision-making. This is an essential consideration to ensure that the transition to I4.0 is inclusive and beneficial for all participants in the supply chain. Thus, a framework for S-OSCM4.0 has been proposed, enabling organisations to achieve sustainability and I4.0 in line with the 2030 Agenda. This framework is an innovative tool that highlights the potential contributions of S-OSCM4.0 to the SDGs.
The proposed S-OSCM4.0 framework focuses on integrating sustainability across company operations and the supply chain. In our framework, we integrate sustainability into I4.0 by aligning the key enablers and benefits with the relevant SDGs. This approach allows us to demonstrate how I4.0 can contribute to achieving the 2030 Agenda, particularly in the context of developing countries like Brazil. This approach aligns organisational strategy to benefit people, the planet, society and customers through quality employment, social conditions, flexibility, reduced time to market and sustainable practices. The framework facilitates collaboration to drive innovation and effective communication in line with the 2030 Agenda. A key aspect is the decision support model connecting benefits and enablers. This framework built on expert input has versatile applications, providing unique results based on each company's context. As stated, there is no one-size-fits-all measurement system - organisational acceptance matters. Strategic Alignment and Top Management Commitment are two vital enablers to incorporate I4.0 and sustainability. This underscores that sustainable organisations strategically design operations and supply chains. It also shows the crucial role of the leading company in developing the chain and disseminating innovations across the ecosystem. In addition, dynamic capabilities are critical to address changing demands and reconfigure competencies amid disruption. By identifying changes, like the evolving technological landscape, and opportunities to innovate (sensing dimension of DCV), companies can exploit these opportunities, for instance, leveraging the enablers (seizing dimension of DCV), making the necessary adaptations to its resources and processes (reconfiguring dimension of DCV). This leads to perceived benefits in both economic and social exchange relationships, like improved operational efficiency (economic) and increased stakeholder value (socioenvironmental). This, in turn, aligns with the 2030 Agenda and the broader concept of the sustainability tripod.  By integrating key digital technologies into operations and collaborating across the value chain, companies can enhance access to information and environmental practices (Caiado et al., 2024b). Core strategy links sustainability to supply chain digitisation. The framework synthesises DCV and SET to develop adaptive, mutually beneficial partnerships that effectively balance trade-offs in pursuing sustainable transformation. 
[image: ]
[bookmark: _Ref89107713][bookmark: _Toc89108378]Figure 3. A configurational Framework to achieve strategic benefits from Sustainable Industry 4.0 enablers in Operations and Supply Chain.

The proposed framework highlights the relations between the value chain and the enablers and benefits of S-OSCM 4.0. Organisations strive to optimise their advantages, including sustainable outcomes, by harnessing the power of I4.0 enablers. This not only leads to the preservation and enhancement of existing enablers but also fosters the development of new ones, all of which are derived from these sustainable benefits. This process forms a virtuous cycle of continuous improvement towards achieving Sustainable I4.0 benefits. On the other hand, suppliers and customers, e.g., the ends of the value chain can also reap the benefits such as better job quality and more flexibility.
The framework establishes a scientific connection between I4.0 and sustainability, offering a global vision emphasising inclusive and sustainable digital transformation for the industry(Govindan et al., 2018). The focus is not solely on the positive impact I4.0 may have on sustainable development but also the concrete implementation of technologies and critical factors within I4.0 as a platform for achieving the SDGs (Beier et al., 2020). This approach aims to shape OSCM so that organisations can balance operational excellence in production and services while upholding commitments to environmental concerns and social justice. Thus, this artefact contributes to the ongoing discourse on digitally activated sustainable operations and supply chains by presenting an S-OSCM4.0 framework.
Methodologically, this research also introduces a decision support model for enhancing sustainable digitalisation in OSCM. The model, utilising a hybrid MCDM/A tool, evaluates enablers. These enablers are prioritised to achieve SD benefits aligned with the 2030 agenda, emphasising I4.0 technologies. The study illustrates how I4.0 and its technologies contribute to various sustainability dimensions. The decision support framework aids in continuous improvement by defining priority actions for incremental progress in implementing S-OSCM4.0. This research addresses the need for sustainable performance measures aligned with the I4.0 principles. The objective is to provide comprehensive support for decision-making, considering economic, environmental, and social dimensions of sustainability. The proposed decision support framework is suggested to be of interest to governments and public organisations due to their pivotal role in investment, legislation, and management of sustainable performance. The S-OSCM4.0 framework could be facilitated by government initiatives, promoting the adoption of sustainable strategies in both public and private sectors.
The synthesis of DCV and SET within the S-OSCM4.0 framework represents a strategic convergence that goes beyond mere theoretical integration. The dynamic capabilities developed under the influence of DCV enable firms to adapt and innovate in response to radical discontinuous changes, securing competitiveness. Simultaneously, SET guides decision-makers in the complex landscape of Sustainable I4.0, ensuring that relationships and interactions are leveraged to balance trade-offs effectively.
The configurational aspect of S-OSCM4.0 is designed to harness the synergies between these theories, offering decision support that aligns benefits with risks in the pursuit of sustainable digital transformation. This framework not only provides substantive insights into the interplay of DCV and SET in Sustainable I4.0 but also offers actionable guidance for organisations navigating the intricate dynamics of OSCM.
Therefore, the convergence of SET, group decision-making, and MCDM/A in the prioritisation of Sustainable I4.0 benefits and key enablers offers a comprehensive approach to decision support within OSCM. SET influences the relationships and interactions within the decision-making group, fostering a collaborative environment. This collaborative context, in turn, aligns with group decision-making dynamics, where collective wisdom shapes the prioritisation process. MCDM/A methods serve as the systematic structure through which the complexities of Sustainable I4.0 are unravelled. Considering multiple criteria and perspectives, these methods provide decision-makers with a structured approach to weigh the importance of key enablers and benefits. The group decision-making environment, underpinned by SET, becomes enriched through the systematic application of MCDM/A, ensuring a multiperspective view in the decision-making process. In the context of S-OSCM4.0, the synthesis of SET, group decision-making, and MCDM/A creates a robust foundation for prioritising key enablers that drive sustainable benefits within OSCM. The resulting decision support framework not only captures the intricacies of individual and collective decision-making but also aligns with the multifaceted nature of Sustainable I4.0, offering organisations actionable insights and a strategic roadmap for navigating the dynamic landscape of OSCM. It is a managerial artefact that helps organisations to achieve benefits aligned with the 2030 Agenda. Specifically, the benefits perceived for the Planet, Prosperity and People that arise as outcomes of the framework align with the SDGs, as shown in Table 14. Lastly, the CIMO logic to attain the configurational framework can be restructured as a roadmap departing from the Context to reap the benefits as Outcomes. The redesigned CIMO incorporating this logic is shown in Figure 4.





Table 14. Summary of benefits aligned with the 2030 Agenda 
[image: ]
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Figure 4. A CIMO-driven roadmap to implement Sustainable I4.0 enablers and achieve strategic benefits in OSCM.

The logic is structured as follows: the context of the evolving technological landscape in developing countries demands that organisations intervene to reap benefits for Planet, Prosperity and People, aligned with the 2030 Agenda. Thus, they must leverage the enablers of S-OSCM4.0. both DCV and SET offer mechanisms to help in this task, enabling organisations to perceive the opportunities and actively reconfigure accordingly. Also, these mechanisms do not act alone but in a combined way since the enablers related to capabilities depend on the enablers regarding relationships and vice-versa. For instance, top management commitment is fundamental to guarantee that the needed resources to seize the opportunities will be provided. In a similar fashion, a consistent data flow is of utmost importance to foster positive relationships among different actors in the organisation. By strategically using these mechanisms, organisations can, as an outcome, reap the benefits of S-OSCM4.0. 


[bookmark: _Toc91497822]5. Conclusions, Implications and Future Perspectives
This study culminates in developing a pioneering S-OSCM4.0 framework, strategically aligning enablers and benefits with the imperatives of the 2030 agenda. The proposed framework contributes to delineating the prioritisation sequence for implementing pivotal enablers and subsequently realising the benefits of S-OSCM4.0.

5.1 Theoretical Implications
This research underscores the theoretical significance of the proposed configurational framework through the lens of DCV and SET. The integration of DCV emphasises adaptability and innovation, crucial for navigating the dynamic changes inherent in the I4.0 era. Concurrently, SET guides the understanding of trade-offs and collaborative decision-making dynamics within the framework. The articulation of key enablers and benefits within the theoretical underpinnings enhances the specificity of interventions, fostering replicability, implementation, and evidence synthesis in the realm of S-OSCM4.0.
This research aims to contribute to the scientific community by presenting a representative selection of international research in an interdisciplinary area. In summary, the distinctive features of this article are: i) expanding the literature on sustainable I4.0; ii) proposing an S-OSCM4.0 framework with an empirical study approach and the application of a decision support methods to enhance the applicability of the developed framework(Yadav, et al., 2020); iii) providing a tool to assess key enablers to achieve social and environmental benefits outlined in the 2030 Agenda resulting from integrating I4.0 and sustainability for OSCM. Also, by leveraging a conceptual framework (the CIMO logic) explicitly showing how the interventions (the enablers), trigger the mechanisms of the DCV and SET to achieve the benefits aligned with the 20230 Agenda. Therefore, this study is expected to inspire new research and exploration in the areas of sustainable I4.0 and fuzzy group decision-making in SCM.


5.2 Managerial Implications
Practically, the proposed framework serves as a strategic guide for professionals in OSCM, directing them towards the sustainable digitalisation paradigm of S-OSCM4.0. Recognising the critical role of enablers in integrating I4.0 and sustainability, the framework offers a tangible tool for decision-making. The importance of evaluating enablers to obtain SD benefits in OSCM is emphasised, laying the foundation for a transformative approach. The framework provides a starting point for implementing S-OSCM4.0, aligning business strategy with sustainability objectives, thus contributing to the corporate realisation of the SDGs.

5.3 Limitations and Suggestions for Further Research
Acknowledging limitations, such as database restrictions and language biases, this study calls for caution in interpreting results. The research's focus on Brazilian organisations within a developing country context prompts a recommendation for cross-cultural application to highlight cultural aspects and implementation challenges. Additionally, the temporal limitation necessitates continuous exploration of new research studies.
As an avenue for future research, the proposed framework opens possibilities for developing measurement constructs for S-OSCM4.0. Structural equation modelling could scrutinise the relationships between enablers and benefits. Expanding the proposals through qualitative research or transforming them into testable hypotheses with quantitative methods presents avenues for exploration. Further research should delve into additional relationships within the S-OSCM4.0 framework, examining the interaction between enablers and challenges and the delicate balance between challenges and benefits to achieve sustainable digital transformation. The call extends to researchers to explore and deepen the understanding of S-OSCM4.0 across diverse contexts and industries.
The study conducted panels and interviews with expert managers in OSCM, sustainability, and I4.0, following the approach outlined by Nonaka and Takeuchi (2007), who consider them knowledge engineers responsible for translating strategy into practice. The focus was on proposing a framework. The research was limited to Brazilian organisations within a developing country context. The recommendation is to apply the framework across different cultures, nations, and continents to highlight cultural aspects and implementation challenges. Additionally, in-depth case studies exploring the qualitative aspects of integrating I4.0 and sustainability in OSCM are suggested. This qualitative understanding complements quantitative studies' results(de Sousa Jabbour et al., 2018), derived from the step-by-step framework, contributing to promoting and adopting these findings.
This framework merges the principles of I4.0 and sustainability applied to SCM and OM, offering a practical hybrid self-assessment framework. The proposed enablers can be translated into a set of measures or recommended actions to support decision-making in the realm of OSCM. Moreover, it paves the way for future research exploring other hybrid fuzzy methods to aid the decision-making process regarding the choice of sustainable technological solutions.
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Key enabler

Description

References

E1 - Sustainable
culture.

‘A comprehensive corporate philosophy for sustainable
innovation requires managerial vision, inclusive culture,
customer awareness, and circular practices

(Bhagat et al, 2022
Bonilla et al, 2018:
Upadhyay etal., 2023)

E2 — Focus on
renewable natural
resources

‘The need to use renewable natural resources, replace the
weak sustainability model and take advantage o 14.0 to
integrate with the SDGs and improve the efficiency and
use of resources

@ehl et al. 2023
Sharma et al. 2022
Luthra, etal, 2020)

E3 — Consistent

Data flow processes are a hierarchical way of collecting.

(Bag etal, 2020; Lee &

data flow integrating and analysing data, which enhances the | Mangalaraj,  2022:
integration and flexibility of data exchange. Sahoo etal, 2023)
E4-Data ‘Data security is vital for protecting intellectual property | (reissat. et al. 2023
security and competitiveness, and blockchain can enhance data | May et al, 2016
security in OSCM. Mohammed et al, 2023)
E5 — Internal Tanovation labs, R&D units, and intraprencurs enhance | (Khan et al. 2023
innovation companies’ innovation capacity, which depends on the | Srivastava et al. 2022:
process potential and commitment of their visionary employees. | Teece etal  1997)
E6—Innovative | Innovative and digital business models can enable | (Upadhyay, etal 2023;
business models | sustainable 14.0 and create economic and social benefits | Prause, 2015; Santa-
for all stakeholders while fostering innovation, product | Maria et al 2022)
development and data security
E7-Effective | Effective communication can enhance collaboration, | (Lee et al. 2023
communication | performance, and relationships in a supply chain and | Rahmanzadeh et al.
benefit S-OSCM 4.0 by reducing downtime, waste, | 2023; Ren etal. 2019)
defects, and risk.
E8—Top “The importance of top management s responsibility and | (Alazemi et al_ 2022;
‘management commitment to enable the integration of 4.0 and | Ghobakhloo,  2020:
commitment sustainable manufacturing in OSCM. Wong et al., 2024)
E9— Various decentralised, geographically dispersed, and | (Awan et al__ 2022;
Collaborative | diverse entities collaborating through a digital platform | Ozkan-Ozen et al
networks to achieve compatible sustainability goals require proper | 2020 Yaqub &
planning and  stakeholder cooperation to develop | Alsabban, 2023)
supportive data models and supply chain partnerships
E10 Strategic | Strategic alignment in organisations relies on integrating | (Ching et al_ 2022;
alignment information technology and smart budget allocation, | Holopainen et al, 2022:

including the use of 14.0 technologies like the Internet of
Things, to support sustainability goals and enhance
overall competitiveness

Kaasinen et al, 2020)





