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Abstract

This study aimed to design and validate an integrated model based on blockchain technology and fuzzy artificial intelligence algorithms to
improve supply chain monitoring in the healthcare industry. This applied-developmental study employed a mixed-methods design with a
sequential exploratory approach. The statistical population included 117 managers, specialists, and experts active in the healthcare supply
chain in Qazvin Province, all of whom were included in the quantitative phase through census sampling. In the qualitative phase, semi-
structured interviews were conducted with 15 experts, and the data were analyzed through open, axial, and selective coding. The
quantitative instrument was a researcher-made questionnaire, whose overall reliability was confirmed using Cronbach’s alpha coefficient
of 0.916. The proposed model was developed in three layers: a blockchain layer based on Hyperledger Fabric, a fuzzy artificial intelligence
layer consisting of a fuzzy inference system and fuzzy cognitive maps, and an integration layer. Data were analyzed using descriptive and
inferential statistics, confirmatory factor analysis, fuzzy analytic hierarchy process, dynamic system simulation, and t-tests. The FAHP
results showed that security and credibility had the highest priority weight among the monitoring dimensions (0.324), followed by
adaptability (0.287), tracking and tracing (0.221), and operational efficiency (0.168). In the fuzzy cognitive map, data immutability was
identified as the most influential concept, with a centrality degree of 15.28. The one-sample t-test indicated that all main dimensions were
significantly higher than the midpoint of the scale. The paired-samples t-test confirmed significant differences between the proposed model
and the traditional system in disruption detection accuracy, user satisfaction, perceived security, and information transparency. The
proposed model obtained a total weighted score of 8.92 out of 10, compared with 7.74 for the traditional system, indicating a 15.2%
improvement. The integration of blockchain and fuzzy artificial intelligence can provide an effective framework for intelligent monitoring
of the healthcare supply chain. Although the proposed model has limitations in speed and scalability compared with centralized systems,
its advantages in security, transparency, reliability, and decision-making accuracy make it a valuable option for improving healthcare supply
chain management.
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Extended Abstract

Introduction

Healthcare supply chain monitoring has become a strategic requirement for ensuring the timely, safe,
transparent, and reliable flow of medicines, medical equipment, and health-related products. Unlike
conventional supply chains, healthcare supply chains are directly connected to patient safety, public health,
regulatory compliance, and trust in health systems. Therefore, monitoring in this context is not limited to
tracking the physical movement of products; rather, it includes continuous supervision of data integrity,
product authenticity, environmental conditions, delivery performance, traceability, access control, and
compliance with national and international standards. The increasing complexity of supply networks, the
vulnerability of pharmaceutical distribution systems, and the need for resilience against disruptions have
intensified the demand for intelligent and transparent monitoring mechanisms (Homaioon et al., 2021; Ivanov
& Dolgui, 2020; Kumar et al., 2019). Previous studies have shown that healthcare and pharmaceutical supply
chains require integrated design, information sharing, technological readiness, and advanced traceability
capabilities to improve performance and reduce operational risks (Abouei Mehrizi et al., 2024; Khojeh et al.,

2023; Shafiei Nikabadi et al., 2024). In this regard, digital transformation and smart technologies have



created new opportunities for improving pharmaceutical supply chain management, enhancing visibility, and
supporting data-driven decision-making (Abadi et al., 2024; Eghbali et al., 2024; Mehrin & Laleh, 2021).
Blockchain technology has been widely introduced as a promising solution for improving transparency,
traceability, data immutability, transaction security, and trust among supply chain actors. Its distributed and
tamper-resistant structure can reduce dependence on centralized validation mechanisms and provide a reliable
infrastructure for recording sensitive supply chain transactions (Banerjee et al., 2019; Casino et al., 2019;
Saberi et al., 2019). In healthcare and pharmaceutical supply chains, blockchain can help prevent counterfeit
medicines, improve product authentication, and strengthen the security of health-related records (Mohit, 2020;
Sajadian et al., 2022; Samiei & Ahmadi, 2021). Recent research has also emphasized the role of blockchain
in enhancing transparency, traceability, trust, and resilience in pharmaceutical supply chain systems (Biyadar
& Zaghari, 2025; Houshmandrad, 2023; Nikzadi Panah et al., 2024). However, blockchain alone is not
sufficient for intelligent monitoring because it mainly provides secure recording and verification of data, while
it does not inherently model uncertainty, predict disruptions, or analyze complex causal relationships.
Therefore, the integration of blockchain with artificial intelligence, fuzzy cognitive maps, fuzzy inference
systems, and Internet of Things-based monitoring can provide a more comprehensive framework for intelligent
supply chain monitoring (Ahoorani & Rahdar, 2025; Bakhtiari & Rahemi Haghighi, 2024; Behneke et al.,
2020; Zahdi, 2023). Fuzzy cognitive maps and other fuzzy artificial intelligence approaches are particularly
suitable for complex and uncertain systems because they can represent causal relations, expert judgments,
dynamic interactions, and scenario-based behavior in supply chain risk assessment (Michitarian et al., 2021;
Sabahi et al., 2020; Vojc Ferolish et al., 2019). Accordingly, the present study aimed to design and validate
an integrated model for improving healthcare supply chain monitoring by integrating fuzzy artificial
intelligence algorithms into a blockchain platform.

Methods and Materials

This study was applied-developmental in terms of purpose and employed a mixed-methods design with a
sequential exploratory approach. The research process began with a qualitative exploratory phase in which
semi-structured interviews were conducted to identify the main dimensions, indicators, and causal
relationships affecting healthcare supply chain monitoring. The qualitative findings were then used to develop
the quantitative instrument and to design the initial model. The quantitative phase included questionnaire
distribution, statistical analysis, fuzzy prioritization, fuzzy cognitive modeling, technical implementation,
simulation, and model validation.

The statistical population consisted of managers, specialists, and experts active in the healthcare supply chain
in Qazvin Province in 2025. Based on information from the provincial Food and Drug Administration, the
population included senior and middle managers of pharmaceutical distribution companies, technical officers
and managers of central pharmacies, and experts from the Ministry of Health and the Food and Drug

Administration. Because the population was limited and accessible, census sampling was used in the



quantitative phase, and all 117 eligible individuals were included. In the qualitative phase, purposive
judgmental sampling was applied, and interviews were continued until theoretical saturation was reached,
accordingly, 15 experts participated in the qualitative phase.

Data were collected using semi-structured interviews and a researcher-made questionnaire. The interviews
focused on the challenges of current monitoring systems, key performance indicators in tracking healthcare
products, and the potential contribution of emerging technologies to transparency and security. The
questionnaire included demographic information, monitoring dimensions, causal relationships, and model
evaluation items. The reliability of the questionnaire was confirmed using Cronbach’s alpha, with an overall
coefficient of 0.916. The technical model was designed in three layers. The blockchain layer was developed
using Hyperledger Fabric version 2.4 and included a permissioned network with four organizations: the Food
and Drug Administration as regulator, the manufacturer, the distributor, and the pharmacy or hospital. The
fuzzy artificial intelligence layer included a fuzzy inference system and fuzzy cognitive maps. The fuzzy
inference system used temperature, humidity, and delay time as inputs and product risk level as output. The
integration layer included a RESTful APl Gateway, MongoDB for non-transactional and analytical data, and
a React.js-based web dashboard for real-time visualization.

Qualitative data were analyzed using content analysis through open, axial, and selective coding in MAXQDA
2022. Quantitative data were analyzed using descriptive statistics, inferential statistics, confirmatory factor
analysis, fuzzy analytic hierarchy process, fuzzy cognitive map simulation, sensitivity analysis, one-sample t-
test, and paired-samples t-test. SmartPLS 4 was used for construct validity analysis, and Python with the
FCMpy library was used for fuzzy cognitive map simulation.

Findings

The qualitative findings identified four main dimensions and twelve sub-indicators of healthcare supply chain
monitoring. The four dimensions were tracking and tracing, security and credibility, adaptability, and
operational efficiency. Tracking and tracing included geographic location, environmental conditions, and
packaging status. Security and credibility included product authenticity, authorized access, and data

immutability. Adaptability included national standards, international requirements, and domestic regulations.

Operational efficiency included delivery time, logistics costs, and customer satisfaction.

Descriptive findings showed that all four dimensions had mean scores higher than 4 on a five-point Likert
scale, indicating their high importance from the experts’ perspective. Security and credibility had the highest
mean score (M = 4.45, SD = 0.59) and the lowest coefficient of variation, indicating that it was both the most
important and the most stable dimension. Adaptability followed with a mean of 4.31, tracking and tracing with
a mean of 4.23, and operational efficiency with a mean of 4.18. The overall mean score was 4.29, confirming
the perceived necessity of an advanced monitoring system in the healthcare supply chain.

The fuzzy analytic hierarchy process showed that security and credibility had the highest priority weight
(0.324), followed by adaptability (0.287), tracking and tracing (0.221), and operational efficiency (0.168).



These results indicate that security-related concerns were almost twice as important as operational efficiency
in the evaluated healthcare supply chain monitoring model.

The fuzzy cognitive map analysis showed that data immutability was the most influential concept in the system,
with an input degree of 7.23, output degree of 8.05, and centrality degree of 15.28. International requirements
ranked second with a centrality degree of 14.29, followed by delivery time with a centrality degree of 14.03.
Customer satisfaction, product authenticity, national standards, domestic regulations, authorized access,
logistics costs, geographic location, environmental conditions, and packaging status followed in subsequent
ranks.

Scenario simulation results showed that the normal condition scenario reached a stable state after 12 iterations.
The cold chain disruption scenario resulted in instability after 18 iterations, and customer satisfaction decreased
to 0.586. The transportation delay scenario produced the most severe decline in customer satisfaction, reaching
0.492, and the system became unstable after 21 iterations. In the security concern scenario, the system reached
a semi-stable state after 16 iterations, and product authenticity increased to 0.892, indicating that security alerts
increased the system’s focus on authenticity and data validation.

The technical evaluation showed that the blockchain-based model had higher computational costs than the
traditional centralized system. Transaction confirmation time was 187 milliseconds in the proposed model
compared with 112 milliseconds in the traditional system. Transactions per second were 285 in the proposed
model and 520 in the traditional system. Memory consumption was 423 MB in the proposed model compared
with 185 MB in the traditional system. Monthly ledger growth was 1.2 GB compared with 0.8 GB. However,
the transaction success rate was slightly higher in the proposed model, reaching 99.98% compared with 99.85%
in the traditional system.

The fuzzy artificial intelligence evaluation showed that the integrated proposed model outperformed the
separate fuzzy inference system, fuzzy cognitive map, and logistic regression baseline. The proposed model
achieved an accuracy of 0.928, sensitivity of 0.915, specificity of 0.939, F1-score of 0.922, and AUC-ROC of
0.961. The one-sample t-test showed that all main dimensions were significantly above the midpoint of the
scale. The paired-samples t-test showed significant improvements in disruption detection accuracy, user
satisfaction, perceived security, and information transparency compared with the traditional system. The final
weighted evaluation indicated that the proposed model scored 8.92 out of 10, while the traditional system
scored 7.74, representing a 15.2% improvement.

Discussion and Conclusion

The findings demonstrate that healthcare supply chain monitoring requires a multidimensional model in which
security, credibility, adaptability, traceability, and operational efficiency are integrated rather than treated as
separate functions. The priority of security and credibility indicates that in healthcare supply chains, the
prevention of data tampering, product counterfeiting, unauthorized access, and unreliable reporting is more

critical than speed alone. The central role of data immutability in the fuzzy cognitive map further confirms that



blockchain is not merely a technical addition but a foundational infrastructure for building trust and
accountability in healthcare supply chain monitoring.

The results also show that fuzzy artificial intelligence enhances the analytical capacity of the monitoring
system. While blockchain provides secure and transparent data registration, fuzzy inference and fuzzy
cognitive mapping enable the system to interpret uncertain conditions, model causal relationships, simulate
disruptions, and support decision-making. The superior performance of the integrated model compared with
the individual fuzzy models and logistic regression baseline confirms the value of combining rule-based fuzzy
reasoning with causal dynamic modeling.

The proposed model, however, involves a trade-off between computational efficiency and trustworthiness. It
performed better in security, reliability, transparency, and detection accuracy but weaker in speed, memory
consumption, and scalability compared with the centralized system. In healthcare contexts, this trade-off may
be acceptable because the consequences of counterfeit products, manipulated records, and untraceable
disruptions are substantially more serious than moderate computational delays. Overall, the study concludes
that integrating blockchain with fuzzy artificial intelligence provides an effective framework for intelligent
healthcare supply chain monitoring. The model can improve transparency, enhance security, increase
disruption detection accuracy, and support more reliable decision-making under uncertainty. Future
implementation should focus on optimizing scalability, reducing computational overhead, improving data
quality, integrating Internet of Things-based data sources, and testing the model in real operational healthcare

supply chain environments.
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