Research in Production and Operations Management
University of Isfahan E-ISSN: 2981-0329
Vol. 17, Issue 1, No. 44, 2026

d DOI: 10.22108/pom.2025.145805.1625

(Research paper)

Identification, localization, and Causal Modeling of Barriers to the
Adoption and Implementation of Industry 4.0 in Steel Companies

Reza Soleymani-Damaneh*
Department of Management, Faculty of Administrative Sciences and Economics, Vali-e-Asr University
of Rafsanjan, Rafsanjan, Iran, r.soleymani@vru.ac.ir
Leila Ghoroghchian
Department of Management, Faculty of Administrative Sciences and Economics, Vali-e-Asr University
of Rafsanjan, Rafsanjan, Iran, 1.ghoroghchian@gmail.com

Purpose: The primary purpose of this study is to identify, localize, and analyze the key barriers hindering
the adoption and implementation of Industry 4.0 technologies in the Iranian steel industry. Despite global
momentum toward digital transformation, emerging economies face various challenges that impede the
transition to smart manufacturing. Given the strategic importance of the steel industry for national
development, this paper seeks to bridge the knowledge gap by developing a contextualized model of
Industry 4.0 barriers tailored to Iran's socioeconomic and technological environment. The research also
aims to provide managers and policymakers with actionable insights to prioritize barriers, understand their
causal interactions, and design strategies to overcome the most influential impediments.

Design/methodology/approach: This study adopts an applied, exploratory, and descriptive research
design. The methodological framework combines the Fuzzy Delphi Method and the Fuzzy DEMATEL
technique in two stages. First, an extensive systematic literature review was conducted, yielding 53
potential Industry 4.0 barriers. Through screening and expert evaluation, a refined list of 15 barriers was
selected for assessment. Using Fuzzy Delphi with linguistic variables, input from 14 steel industry experts
was collected to validate and localize the barriers. Barriers not meeting the threshold value were
eliminated, resulting in a final approved set of 12 barriers. In the second stage, Fuzzy DEMATEL was
employed to map the causal relationships among the barriers. Pairwise comparisons provided by experts
were transformed into normalized matrices, defuzzified using CFCS, and analyzed to determine influence,
dependence, and causal effects.
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Findings: The findings show that the Iranian steel sector faces a complex, interrelated set of challenges in
implementing Industry 4.0. Fuzzy Delphi results indicate that three barriers—resistance to change,
intellectual property issues, and sanction-related constraints—were not validated by experts. Fuzzy
DEMATEL analysis identifies economic—financial constraints, technological limitations, and managerial
barriers as the most influential root causes. High initial investment costs, outdated technological
infrastructure, low technological maturity, and weak managerial commitment exert strong causal effects
across the entire barrier network. Conversely, organizational misalignment, human resource skill gaps,
lack of supply chain collaboration, and insufficient governmental support are dependent barriers heavily
influenced by the root causes. The causal diagram suggests that improvements in managerial leadership,
strategic planning, investment capacity, and technological readiness would produce positive effects across
organizations and supply chains, thereby accelerating Industry 4.0 adoption.

Research limitations/implications: This study is limited by its reliance on expert judgment within a
single national context, which may constrain generalizability to other countries or industries. Additionally,
as Industry 4.0 technologies evolve rapidly, some barriers may change over time or be replaced by new
challenges. Future research could extend this work through longitudinal analyses as digital transformation
progresses and by applying the model to other industrial sectors for comparative insights. Despite these
limitations, the study offers a robust methodological framework and a localized understanding of Industry
4.0 barriers in emerging economies.

Practical implications: The study provides actionable insights for steel industry managers, executives,
and policymakers by identifying the most critical leverage points for successful digital transformation. The
results stress that overcoming economic-financial and technological barriers—through investment in
digital infrastructure, upgrading legacy systems, and strengthening R&D capabilities—is essential to
enable Industry 4.0 adoption. Managerial implications include the need to reinforce strategic digital
planning, develop clear roadmaps, enhance leadership commitment, and cultivate a digital culture within
organizations. The findings also recommend improving collaboration across supply chain partners,
expanding employee training programs, and designing targeted governmental incentives. Addressing these
areas can reduce risks, boost efficiency, and support long-term transformation.

Social implication: This research highlights the societal importance of accelerating digital transformation
in the steel industry. Industry 4.0 can enhance resource efficiency, reduce environmental impact, improve
workplace safety, and raise employees’ quality of life by minimizing hazardous manual tasks. From a
broader perspective, successful Industry 4.0 implementation can strengthen national industrial
competitiveness, advance sustainable development goals, and stimulate innovation ecosystems. The
study’s insights can guide governmental institutions in shaping supportive regulatory frameworks,
standardization policies, and investment incentives that facilitate responsible and inclusive digital
transformation within the steel industry.

Originality/value: This paper offers one of the first comprehensive, contextualized analyses of Industry
4.0 barriers in the Iranian steel industry using a hybrid Fuzzy Delphi—Fuzzy DEMATEL approach. Its
originality lies in developing a localized set of barriers validated by domain experts and in mapping
complex causal relationships among barriers using fuzzy logic. The study provides substantial value to
researchers investigating digital transformation barriers and to practitioners seeking evidence-based
strategies to accelerate Industry 4.0 adoption in steel manufacturing.
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Table 5- Results of the Fuzzy Delphi Method
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Table 7- Total-relation fuzzy matrix
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