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Objective: This study aimed to identify, structure, prioritize, and validate the key factors affecting
the implementation of open innovation in the steel industry supply chain of Khuzestan.

Methods and Materials: A sequential exploratory mixed-methods design was employed. In the
qualitative phase, 15 academic and executive experts from the steel industry were selected through
purposive and snowball sampling, and data were collected using semi-structured interviews.
Interpretive Structural Modeling was applied to determine relationships and hierarchical levels
among the extracted factors, while MICMAC analysis was used to assess driving power and
dependence. In the quantitative phase, a researcher-developed questionnaire was distributed to 110
participants, of whom 100 provided valid responses. The model was validated using partial least
squares structural equation modeling in SmartPLS.

Findings: The qualitative phase identified 16 key factors. ISM revealed a five-level hierarchical
structure in which macro-environmental and governance factors had the highest driving power of
16 and the lowest dependence of 1, whereas performance evaluation and key performance
indicators had the lowest driving power of 1 and the highest dependence of 16. Legal and
intellectual property factors also emerged as major drivers, with a driving power of 15 and
dependence of 2. MICMAC analysis classified 12 factors as linkage variables and identified no
autonomous factors. In the measurement model, factor loadings exceeded 0.83, Cronbach's alpha
ranged from 0.806 to 0.873, composite reliability ranged from 0.884 to 0.921, and AVE ranged
from 0.718 to 0.795. The Fornell-Larcker and HTMT criteria further confirmed discriminant
validity.

Conclusion: Open innovation implementation in the steel supply chain is a systemic and multilevel
process that requires interventions to begin with macro-level and legal drivers, followed by
technological and networking infrastructures and subsequently organizational, knowledge-based,
and human factors.

Keywords: Open Innovation, Supply Chain, Steel Industry, Interpretive Structural Modeling,
MICMAC, Partial Least Squares
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EXTENDED ABSTRACT
Introduction

The steel industry is one of the most strategically important and capital-intensive industrial sectors,
with extensive upstream and downstream linkages to mining, energy, transportation, construction,
infrastructure, automotive manufacturing, and international trade. Its supply chain is characterized by
complex interactions among raw-material suppliers, production units, logistics providers, technology
developers, distributors, and industrial customers. Consequently, disruptions, technological changes,
environmental pressures, and market fluctuations occurring in one part of the system may propagate
throughout the entire chain. Effective steel supply chain management therefore requires not only
operational coordination but also the integration of technological, organizational, environmental, and
strategic capabilities (Alam, 2025). Optimization studies have similarly demonstrated that steel supply
chain decisions increasingly need to balance economic performance with sustainability, resilience, and
multiple operational objectives (Askary et al., 2024). At the same time, contemporary industrial competition
has weakened the effectiveness of closed innovation models in which knowledge generation and
technological development are confined to organizational boundaries. Open innovation provides an
alternative approach by enabling firms to deliberately exchange knowledge, ideas, technologies, and
complementary resources with suppliers, customers, universities, research centers, technology firms, and
other external partners. Evidence indicates that open innovation can contribute to business-model renewal
and the creation of new value configurations (Yun et al., 2025), while the combination of Industry 4.0
capabilities and open innovation practices can facilitate the renewal of industrial clusters and established
manufacturing systems (Zen et al., 2025). In supply chains, this logic extends innovation beyond the
boundaries of individual firms and emphasizes the development of collaborative ecosystems. Research on
open supply chain management has shown that integration of open innovation with digital twin networks
can support the emergence of more intelligent, connected, and collaborative supply chains (Rahmanzadeh
et al., 2023). Strategic alignment between open innovation and supply chain relationships can likewise
contribute to sustainable competitive advantage (Gonyora et al., 2021). Digital technologies constitute
another important enabler. Internet of Things technologies can improve visibility, traceability,
coordination, and real-time information exchange (De Vass et al., 2021); the combined application of 10T
and artificial intelligence can improve logistics and transportation decisions (Bhargava et al., 2022; Singh et
al., 2021); and Al-enabled supply chain management can enhance information processing and decision
support (Sharma & Dash, 2023). More broadly, artificial intelligence applications demonstrate the growing
importance of data-driven capabilities in complex technological systems (Zohuri & Behgounia, 2023). In
the steel industry specifically, Industry 4.0 strategies require alignment between technological investment,
organizational readiness, and supply chain priorities (Motallebi et al., 2025), while open innovative
approaches to demand forecasting and inventory management can improve responsiveness to market
uncertainty (Sukolkit et al., 2024). Sustainability further intensifies the need for collaborative innovation.
The transition toward low-carbon and defossilized steel requires extensive restructuring of energy,
material, and logistics networks (Lopez et al., 2023), while green transformation in iron and steel depends
on broader changes in innovation systems rather than isolated technological improvements (Mallett & Pal,
2022). Open innovation can support sustainability by mobilizing knowledge from multiple stakeholders



(do Prado et al., 2025) and facilitating sustainability transitions across organizational and ecosystem
boundaries (Viale et al., 2022). Digital traceability technologies such as RFID and blockchain can further
support circular steel supply chains (Rakshit et al., 2025), while open innovation frameworks integrating
quality and life-cycle considerations can strengthen sustainable product development (Gajdzik et al., 2024).
Nevertheless, steel supply chains continue to face managerial, operational, technological, and
environmental barriers (Kumar et al., 2025), and their interconnected feedback structures make isolated
interventions insufficient (Mohammadi et al., 2022). Effective implementation therefore requires strategic
alignment (Wang, 2024), appropriate mechanisms for converting external knowledge into sustainable
business value (Huang & Zhou, 2025), and a systematic understanding of the relative influence and
dependence of implementation factors. Accordingly, the present study aimed to identify, structure,
validate, and prioritize the key factors affecting the implementation of open innovation in the steel industry
supply chain, with particular emphasis on the steel industry of Khuzestan.

Methods and Materials

This applied study adopted a sequential exploratory mixed-methods design comprising qualitative
and quantitative phases. In the qualitative phase, relevant scientific literature and professional documents
were initially reviewed to establish the preliminary conceptual framework. Semi-structured interviews
were then conducted with 15 academic and executive experts selected through purposive and snowball
sampling until theoretical saturation was reached. The participants consisted of five senior and middle
managers from steel-related companies, seven specialists working in different areas of the supply chain,
including raw-material procurement, production, inventory, logistics, distribution, and research and
development, and three consultants or university academics familiar with open innovation and supply
chain management. Interview questions addressed organizational responses to technological problems,
collaboration with external partners, knowledge sharing, intellectual property, information infrastructure,
organizational barriers, supplier and customer involvement, and the expected consequences of open
innovation. The qualitative data were coded and organized into principal factors, and expert consensus
was used to refine the final factor structure. Interpretive Structural Modeling was subsequently employed
to determine pairwise relationships, construct the Structural Self-Interaction Matrix, develop the initial
and final reachability matrices, identify factor levels, and derive the hierarchical model. MICMAC
analysis was then conducted to classify factors according to their driving power and dependence. In the
quantitative phase, a researcher-developed questionnaire based on the qualitative findings was distributed
electronically to 110 eligible participants, from whom 100 valid questionnaires were obtained. The final
sample consisted of 20 managers and supervisors, 40 technical experts and specialists, and 40 operational
employees. Items were rated on a five-point Likert scale ranging from 1, completely disagree, to 5,
completely agree. Data were analyzed using SPSS and SmartPLS. The reflective measurement model was
evaluated through factor loadings, Cronbach's alpha, composite reliability, average variance extracted, the
Fornell-Larcker criterion, and the heterotrait-monotrait ratio. The structural model was assessed using
standardized path coefficients and bootstrapped t statistics, with an absolute t value greater than 1.96
regarded as statistically significant at the 95% confidence level.

Findings

The qualitative analysis identified 16 key factors affecting open innovation implementation:
strategic and managerial factors; cultural and human factors; structural and organizational factors;
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financial and economic factors; legal and intellectual property factors; technological and infrastructural
factors; networking and ecosystem factors; supplier-related factors; customer and market factors;
environmental and sustainability factors; macro-environmental and governance factors; risk management
and resilience; knowledge management and absorptive capacity; human resource and talent management;
performance evaluation and key performance indicators; and digital transformation and smartification.
ISM analysis produced a five-level hierarchical structure. At the lowest and most influential level, macro-
environmental and governance factors emerged as the fundamental driver. Legal and intellectual property,
technological and infrastructural, networking and ecosystem, environmental and sustainability, and digital
transformation factors formed the fourth, infrastructural level. Cultural and human, structural and
organizational, financial and economic, supplier-related, risk and resilience, knowledge management, and
human resource factors formed the third and most interaction-intensive level. Strategic and managerial
factors together with customer and market factors constituted the second level as intermediate outcomes,
while performance evaluation and key performance indicators occupied the first and most dependent level
as the final system outcome.

The final reachability matrix reinforced this hierarchy. Macro-environmental and governance
factors had the maximum driving power of 16 and minimum dependence of 1, making them the strongest
systemic driver. Legal and intellectual property factors ranked second, with a driving power of 15 and
dependence of 2. In contrast, performance evaluation and key performance indicators had the minimum
driving power of 1 and maximum dependence of 16, confirming their status as the ultimate dependent
outcome. Strategic and managerial factors showed a driving power of 3 and dependence of 13. MICMAC
analysis classified macro-environmental/governance and legal/intellectual property factors as independent
or driving variables. Twelve factors were classified as linkage variables, representing 75% of all identified
factors and indicating a highly interconnected system. Strategic and managerial factors and performance
evaluation were classified as dependent factors, while no autonomous factor was identified.

The quantitative findings supported the adequacy of the measurement model. All standardized
factor loadings exceeded 0.83 and all corresponding t statistics were substantially greater than 1.96.
Cronbach's alpha coefficients ranged from 0.806 to 0.873, while composite reliability values ranged from
0.884 to 0.921. Average variance extracted ranged from 0.718 to 0.795, exceeding the recommended
minimum criterion for every construct and confirming convergent validity. The highest construct mean
was observed for performance evaluation and key performance indicators at 3.951, followed by macro-
environmental and governance factors at 3.912, whereas financial and economic factors had the lowest
mean at 3.451. Discriminant validity was also supported. In the Fornell-Larcker matrix, the square root of
AVE for every construct exceeded its correlations with the other constructs. The HTMT ratios ranged
approximately from 0.49 to 0.74 and all remained below both the 0.90 and the more conservative 0.85
thresholds. Collectively, these findings confirmed adequate internal consistency, convergent validity, and
discriminant validity and supported the empirical distinctiveness of the 16 constructs.

Discussion and Conclusion

The results indicate that the implementation of open innovation in the steel supply chain should be
understood as a systemic transformation rather than as a discrete innovation project or technology
adoption initiative. The five-level ISM hierarchy demonstrates that improvements in final performance
emerge from a sequential and interconnected structure. Macro-environmental and governance conditions



occupy the deepest level because policy, regulation, institutional stability, economic conditions, and
industry-level governance determine the feasible boundaries of organizational action. Legal and
intellectual property arrangements then become essential because open innovation requires firms to
exchange knowledge while maintaining appropriate protection of proprietary assets, confidential
information, and jointly developed technologies.

The infrastructural layer demonstrates that open innovation cannot be institutionalized without
technological connectivity, digital transformation, collaborative networks, sustainability-oriented
infrastructures, and appropriate legal mechanisms. These conditions enable the more organization-specific
linkage factors to function effectively. The third level is particularly important because it contains the
largest concentration of mutually influential variables. Culture, organizational structure, finance,
suppliers, resilience, knowledge management, and human resources operate simultaneously as recipients
and transmitters of influence. Consequently, intervention in this layer may generate substantial system-
wide effects, but poorly coordinated changes may also create unintended feedback effects.

Another notable result concerns the strategic and managerial factor. Despite its apparently
fundamental label, it appeared as a relatively dependent variable rather than as a primary driver. This
suggests that effective strategy is itself shaped by institutional, technological, organizational, financial,
and knowledge conditions. Strategy therefore cannot be treated as an isolated top-down managerial
decision; it develops from the organization's capacity to mobilize and coordinate the resources embedded
across the supply chain. Similarly, customer and market factors operate as intermediate outcomes through
which upstream and internal capabilities are translated into market responsiveness.

Performance evaluation and key performance indicators represented the final and most dependent
level. This finding suggests that performance improvement cannot be achieved sustainably through direct
pressure on output indicators alone. Rather, observable performance reflects the cumulative effects of
governance, legal conditions, infrastructure, knowledge, people, partners, risk management, strategy, and
market alignment. The MICMAC analysis strengthens this interpretation by showing that no factor is
autonomous and that three-quarters of the identified variables belong to the linkage category. The system
is therefore strongly interconnected, and fragmented interventions are unlikely to produce stable
improvements.

The quantitative validation further strengthens confidence in this conceptual structure. Strong
factor loadings, high internal consistency, satisfactory composite reliability, substantial AVE values, and
confirmation of discriminant validity through both Fornell-Larcker and HTMT criteria indicate that the
constructs represent empirically distinguishable dimensions of open innovation implementation. Overall,
the study concludes that successful open innovation in the steel industry supply chain requires a staged
but integrated approach beginning with macro-governance and legal foundations, continuing through
technological, digital, networking, and sustainability infrastructure, and extending to organizational
culture, structure, knowledge, human resources, suppliers, finance, and resilience. These capabilities
subsequently shape strategic and market outcomes and ultimately determine measurable performance. The
resulting framework provides a structured basis for prioritizing interventions and allocating managerial
resources toward those factors with the greatest systemic leverage.
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