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Abstract

Medicine and vaccine supply chains in Nigeria are socio-technical systems exposed to per-
sistent uncertainty and disruption. Existing studies rarely integrate systems thinking with
uncertainty-aware decision tools to jointly prioritize challenges and policy responses. This
study asks which policy mix most effectively strengthens these supply chains while balanc-
ing multiple, conflicting criteria and stakeholder judgments. We develop a two-stage Fer-
matean fuzzy framework that first weights 35 challenges using Fermatean Fuzzy Stepwise
Weight Assessment Ratio Analysis (FF-SWARA) and then ranks four policy alternatives
via Fermatean Fuzzy VISeKriterijumska Optimizacija I Kompromisno Resenje (FF-VIKOR),
based on expert elicitation and linguistic assessments. Results identify interruption of
drug supplies, limited vaccine funding, cold-chain potency loss, human resource shortages,
and product damage as the most critical challenges. FF-VIKOR prioritizes Effective Im-
plementation of Existing Policies as the best alternative, followed by Improving Access to
Medicines and Vaccines, indicating that governance quality and access-enabling infrastruc-
ture are complementary levers for resilience. To further enhance robustness, we embed the
VIKOR outcomes into a policy-oriented game-theoretic analysis, where strategic weighting
scenarios (e.g., cost-focused, infrastructure-driven, human-capital focused) interact with
policy choices. The equilibrium results reveal that a mixed strategy combining Effective
Implementation of Existing Policies and Strengthening Distribution and Storage Systems
guarantees the best compromise performance across adversarial scenarios. The proposed
framework operationalizes systems thinking for uncertainty-aware and strategically robust
policy design and can be extended with real-time data integration, scenario planning, and
regional replication to guide adaptive supply chain governance.

Keywords: health supply chains; game-theory; vaccine; supply chain uncertainty; fermatean
fuzzy sets

MSC: 90B50

1. Introduction

Guarantee broad access to vital medications and vaccines is among the primary ob-
jectives outlined in the third SDG of the United Nations [1]. This objective is pivotal in
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achieving universal healthcare coverage. Health product supply chains (SCs) work to en-
sure compatible accessibility of healthcare products at locations where healthcare services
are provided, all while doing so in a cost-effective and timely way [2]. A robust health prod-
uct SC undeniably forms the basis for providing high-quality healthcare services [3]. This
not only guarantees the distribution of appropriate products to vendors but also furnishes
essential information to healthcare system planners, thereby enhancing service delivery [2].
While the significance of managing medicine and vaccine supply chains (MVSCs) is widely
acknowledged, the persistent challenge lies in ensuring access to exceptional medicines in
Nigeria [4]. Existing research has identified several obstacles within Nigeria’s medicine SCs,
encompassing issues such as insufficient infrastructure, inadequate policy enforcement,
and the prevalence of substandard or counterfeit drugs, all of which compromise quality [3].
Additionally, concerns such as drug shortages, suboptimal SC practices, and a shortage
of qualified personnel have all been documented [2,5,6]. In response to these challenges,
various policies and programs have been instituted for the management of the MVSCs in
Nigeria. Furthermore, measures have been taken to regulate human resource development
and engage professionals possessing the requisite skills [7]. However, despite these efforts,
the MVSCs in Nigeria continues to grapple with inadequacies and inefficiencies [4]. Given
this context, decision-makers are actively exploring ways to standardize and professionalize
the field of medicine logistics. In light of the persistent shortcomings within the country’s
MVSCs, recent studies have suggested novel approaches. These include promoting and
enhancing local drug manufacturing to enhance accessibility, simplify quality monitoring,
and ensure adherence to current good manufacturing practices. Additionally, there is a
recognized need for the training and capacity building of pharmacists. It is crucial to
emphasize the vital role of effective collaboration among diverse stakeholders to trans-
late knowledge into actionable strategies and adapt existing MVSC management plans.
Furthermore, to ensure the sustainability of MVSCs, it is essential to thoroughly assess
the challenges and recommend appropriate policies via multi-criteria decision-making
(MCDM) tools.

The central aim of this study is to establish a clear and practical methodological
framework that can aid policymakers and regulators in pinpointing effective actions and
setting priorities within the critical sphere of MVSCs. Notably, the study pioneers the
in-depth exploration of identifying appropriate policies for addressing the challenges in
sustaining MVSCs via the MCDM approach. Furthermore, it seeks to investigate the key
decision criteria associated with this issue and present a pragmatic framework. The study
introduces an integrated Fermatean Fuzzy (FF) model for prioritizing policies related to
the sustainability of MVSCs, illustrated through a real-world case study involving Nigeria.
This methodology combines the Stepwise Weight Assessment Ratio Analysis (SWARA)
and VIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR) methods with a
policy-oriented game-theoretic layer that embeds scenario-based weighting schemes into
the decision process, thereby identifying equilibrium policy mixes that remain robust under
adversarial strategic conditions.

1.1. Motivation for Using Fermatean Fuzzy Sets

Decision-making processes are inherently uncertain due to the subjective nature of
human evaluations and judgments. To manage such uncertainty, Zadeh [8] introduced the
fuzzy set theory, which was later extended to MCDM problems by Bellman and Zadeh [9].
Since then, fuzzy logic, rooted in Zadeh’s pioneering work, has become a valuable tool
for addressing imprecise and ambiguous data [10-12], leading to numerous fuzzy-based
extensions of MCDM methods applied to complex real-world problems. Over time, several
advanced frameworks have been proposed to enhance the representation of uncertainty, in-
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cluding Type-2 fuzzy sets [8,11,13], Z-numbers [14], and complex fuzzy sets [15]. Although
these extensions have improved modeling flexibility, they often involve increased compu-
tational complexity or limited capability in representing higher-order hesitation. Earlier
generalizations, such as Intuitionistic Fuzzy Sets (IFS) [16] and Pythagorean Fuzzy Sets
(PFS) [17], enhanced interpretability but still fell short in capturing the multidimensional
uncertainty present in decision environments with conflicting stakeholder perspectives.
In this regard, the Fermatean Fuzzy Set (FFS) [18] provides a broader representational do-
main, offering greater expressive power in modeling both hesitation and dual uncertainty.
Since its introduction, FFS theory has been effectively applied across various domains,
demonstrating its adaptability and robustness in handling complex decision-making prob-
lems [18-22].

Recent studies [23] have further emphasized that FFS theory is a more advanced and
flexible approach for representing complex human preferences compared to IFS and PFS,
particularly when dealing with conflicting or incomplete evaluations. This feature makes
the FF environment especially suitable for multi-stakeholder decision contexts, such as
healthcare supply chain strategy evaluation.

However, there has been no prior work utilizing FFS-based MCDM approaches to
address challenges specifically in Nigeria’s MVSC. This study therefore develops a novel
FFS-based framework tailored to evaluating and selecting supply chain strategies within
the Nigerian healthcare context.

1.2. Motivation for SWARA Method Application

It is employed for subjective criteria weighting [24]. In contrast to methods that rely on
predetermined standards or scales, SWARA allows experts to express their opinions freely,
thus fostering a more open evaluation process. Through weight evaluation, SWARA serves
the purpose of resolving disputes. Notably, SWARA offers advantages over the Analytic
Hierarchy Process (AHP) technique by eliminating the need for pairwise comparisons,
resulting in enhanced stability, reduced computational complexity, and simplified opera-
tions. However, despite SWARA'’s success for sustainable development [25], transportation
infrastructure performance [26,27], wastewater treatment [28], transport accidents [29],
urban sustainable development [30], e-scooter location choice [31], solar park selection [32],
cleaner production strategy choice [33], bus rapid transit system operation and implemen-
tation [34], and service quality assessment [35], it has not been applied under FF logic
for assessing the challenges related to sustaining MVSCs in Nigeria. Our study seeks to
address this specific research gap.

1.3. Motivation for VIKOR Method Application

The VIKOR method is designed for optimizing intricate systems with multiple cri-
teria [36]. Its strength lies in achieving a balance between optimizing group benefits and
minimizing individual regrets [36]. Despite its widespread application across various do-
mains such as resilient transportation [37], dental restoration [38], machine tool choice [39],
bike sharing level of service [40], and organ transplantation choice [41], there is no single re-
search that assess alternative solutions in the context of addressing challenges in sustaining
MVSCs in Nigeria. Our study seeks to address this specific research gap.

1.4. Motivation for Game-Theoretic Layer Application

While fuzzy MCDM techniques such as SWARA and VIKOR provide powerful tools
for weighting criteria and ranking alternatives under uncertainty, they generally assume
a fixed set of preferences or weight distributions. In practice, however, policymakers
often operate under varying strategic orientations (e.g., cost-focused, infrastructure-driven,
governance-oriented), which may lead to different prioritizations of criteria. Traditional
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MCDM outcomes therefore risk being sensitive to the initial weighting scheme. The inte-
gration of a game-theoretic layer addresses this limitation by embedding policy alternatives
into a strategic interaction framework where scenario-based weighting schemes are treated
as adversarial strategies. This allows the identification of equilibrium policy mixes that re-
main robust even when state priorities shift or conflict. By doing so, the approach captures
the dynamic nature of health supply chain governance, ensuring that the selected policy
recommendations are not only optimal under one set of assumptions but also resilient
across competing strategic contexts.

1.5. Contribution of the Study

Despite the growing literature on fuzzy MCDM applications in healthcare decision-
making, limited research has simultaneously addressed uncertainty management and
strategic conflict resolution in multi-stakeholder environments. Existing studies have pre-
dominantly focused on improving fuzzy evaluation mechanisms or optimizing aggregation
procedures, without integrating behavioral and strategic dynamics into decision frame-
works. To fill this gap, the present study develops a comprehensive three-stage framework
that merges FF logic with SWARA-VIKOR and a policy-oriented game-theoretic layer to
support robust and equitable healthcare supply chain strategies.

Unlike conventional MCDM techniques that rely on fixed weights and deterministic
judgments, the proposed FF game-theoretic framework explicitly addresses both uncer-
tainty in expert evaluations and strategic conflicts among decision-makers. By integrating
FF logic, the model captures higher degrees of hesitation and linguistic vagueness, allowing
a more realistic representation of human reasoning under incomplete information. Further-
more, the embedded game-theoretic layer overcomes the static nature of traditional MCDM
methods by simulating adversarial or competing policy priorities (e.g., cost-driven versus
governance-focused strategies). This integration enables the identification of robust equilib-
rium solutions that remain valid across shifting priorities, thereby offering a more resilient
and adaptive decision-support tool for sustainable health supply chain policy design.

The following points are the contributions.

e  This study underscores the pressing necessity for Nigeria to give a higher priority to
enhancing its SCs for vital medications and vaccines. Ineffective MVSCs are hampering
healthcare coverage and access. New business strategies and alternatives are required
to address MVSC challenges in Nigeria. Implementing appropriate strategies is critical
to overcoming issues and expanding access.

e  The study utilizes fuzzy logic techniques to manage uncertainties in decision-making.
Criteria to evaluate strategies were defined via previous studies and viewpoints
of experts.

e A novel integrated FF-SWARA-VIKOR framework was applied to assess MVSC strate-
gies specifically for the Nigerian context, further extended with a policy-oriented
game-theoretic layer.

o Key findings provide new insights, identify knowledge gaps, and offer evidence to
inform policymakers on MVSC challenges.

e  The remainder of this paper is organized to guide the reader through our research
process systematically. Section 2 provides an in-depth review of the literature, estab-
lishing the theoretical framework and highlighting key developments in the field. In
Section 3, we clearly define the research problem and articulate the central challenges
addressed by our study. Building on this foundation, Section 4 details the proposed
game-theoretic methodology, while Section 5 demonstrates its practical application.
Section 6 then presents a comprehensive sensitivity analysis to evaluate the robustness
of our approach. In Section 6, we critically discuss the findings and presents manage-
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rial insights, and the paper concludes in Section 7 with research recommendations and
suggestions for future work.

2. Literature Review

Efficient logistics networks form the backbone of healthcare systems, ensuring the
timely and equitable distribution of medicines and vaccines. When these networks fail, for
example due to poor coordination, inadequate infrastructure, or weak policy support, the
resulting disruptions directly threaten public health outcomes. Therefore, the governance
and strategic design of MVSCs are crucial to sustainable healthcare delivery. Addressing
such complexity requires decision-making frameworks that can accommodate uncertainty,
conflicting objectives, and expert-driven evaluations. Fuzzy logic-based MCDM approaches
have thus emerged as effective tools for analyzing policy trade-offs and operational chal-
lenges in uncertain environments. Building on these theoretical and practical perspectives,
the existing literature can be grouped into three main strands: (i) decision-making ap-
proaches shaping MVSC performance, (ii) fuzzy and hybrid MCDM applications for MVSC
evaluation, and (iii) conceptual gaps motivating integrated frameworks for sustainable
supply chain governance.

2.1. Decision-Making Approaches Related to MV SCs

SCs are fundamental infrastructures underpinning global trade and health systems,
providing the necessary flow of goods and information to ensure effective delivery of
essential products [42—46]. Within healthcare, the performance of MVSCs determines the
accessibility and quality of medical services, particularly in developing countries where
logistical inefficiencies and governance issues persist [47-57]. Recent studies emphasize
that decision-making in MVSCs has evolved from deterministic models toward integrated
frameworks that incorporate uncertainty, resilience, and sustainability dimensions. For
example, Lin, Zhao, and Lev [47,53] investigated distribution decisions for cold and non-
cold chain vaccine transportation, supply and demand systems while Abbasi et al. [48]
and Valizadeh et al. [49] formulated green and bi-level optimization models to enhance
environmental and operational sustainability. Similarly, Sazvar et al. [50] and Kamran
et al. [52] introduced fuzzy-based and stochastic optimization approaches for sustainable
vaccine supply networks.

However, empirical evidence increasingly shows that policy-related factors, includ-
ing governance, regulatory coherence, and human resource capacity, are equally critical.
Studies from Nigeria and India demonstrate how weak institutional frameworks, inad-
equate policy enforcement, and limited infrastructure degrade MVSC performance and
sustainability [58,59]. Chukwu and Adibe [59] identify compliance deficiencies in Nigerian
cold-chain systems, while Olutuase et al. [58] report persistent fragmentation in supply
governance. Complementary research highlights that effective supply chain governance
substantially improves healthcare accessibility and quality by promoting coordination,
information sharing, and timely resource allocation [60,61].

Recent works also underline the increasing integration of digital technologies and
decision analytics into MVSC design. Al, blockchain, and drone-based delivery systems are
now viewed as strategic enablers of transparency and resilience in vaccine logistics [62,63].
Such innovations enhance demand forecasting and last-mile distribution efficiency, particu-
larly in geographically fragmented areas like Nigeria. Yet, despite technological progress,
most prior models remain descriptive, lacking conceptual grounding in decision-theoretic
or fuzzy-based reasoning.

To address this gap, the present study extends existing MVSC decision frameworks by
embedding fuzzy logic into a multi-criteria, policy-oriented environment, explicitly linking
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operational performance with strategic governance considerations. Table 1 summarizes
the major methodological approaches previously applied to MVSC problems, indicating
that while quantitative and optimization models dominate, few frameworks account for
multi-stakeholder decision heterogeneity or policy trade-offs under uncertainty.

Table 1. Approaches related to MVSCs.

Author (s) Empirical Focus GDM SA Method(s) Country
Discussion of the distributor’s Cold chain transportation
[47] transport decision for cold chain No No .. p China
: . decision model
vaccine adoption
[48] VSC activities anglysm on economy No No Multl—ob]ectlve.mlxed—mteger Iran
and environment programming model
[49] Optimization model design of VSC No No Bi-level optimization model Iran
[50] SC network design No No  Fuzzy optimization approach Iran
Intelligent VSC Machine learning,
(511 management establishment No No sentiment analysis )
[52] Design of a system dynamic frame No No Stochastic simulation- )
for COVID-19 emergence optimization model
[53] Coordination of Influenza VSC No No Two-ordering strategy model -
Assessment of challenges to Developing
[54] COVID-19 VSC Yes No IF-DEMATEL countries
[56] Exploration of the VSC ecosystem Yes No Questionnaire Nigeria
[55] Op t1rn1zatlo{1 of VSC via Yes No Questionnaire Nigeria
drones’ usage
Optimization of VSC through . . Lo
health professionals’ perspective Yes No Questionnaire Nigeria
. Prioritizing the policies for FF-SWARA-VIKOR, Lo
Mlivs §5afy sustainable MVSCs Yes Yes Game Theory Nigeria

2.2. Applications of MCDM Models to MVSCs

The increasing complexity of MVSCs has motivated the use of MCDM methods
to handle conflicting economic, environmental, and social objectives under uncertainty.
Unlike deterministic optimization, MCDM frameworks integrate qualitative judgments
and quantitative performance criteria, supporting transparent and structured evaluations
crucial for sustainable supply chain governance [50,64].

Empirical applications have demonstrated the adaptability of MCDM models to
various decision problems in vaccine logistics. Chandra, Vipin, and Kumar [65] analyzed
enablers and barriers in next-generation vaccine supply chains using fuzzy AHP and
MOORA, while Chandra and Kumar [60] prioritized vaccine distribution challenges via
ISM-ANP. Sudarmin and Ardi [66] performed a DEMATEL-ANP-based risk assessment
to identify the most critical bottlenecks in vaccine delivery networks. Similarly, Yadav
and Kumar [67,68] developed hybrid BWM-MARCOS and fuzzy DEMATEL models to
address sustainability and environmental impact in vaccine distribution. Chowdhury
et al. [69] applied multi-objective programming and TOPSIS to optimize vaccine supply
chain performance, while Suri et al. [70] and Mahmud et al. [71] incorporated fuzzy
DEMATEL to assess interrelations among strategic and operational challenges during the
pandemic. Collectively, these studies demonstrate that MCDM approaches facilitate the
systematic prioritization of risks, sustainability factors, and resource constraints across
medicine and vaccine logistics [72,73]. A concise summary of representative MCDM
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applications in MVSCs is provided in Table 2, which synthesizes their methodological
approaches, decision contexts, and principal focus.

Further evidence shows that MCDM enhances decision robustness under uncertainty.
Rastegar et al. [72] combined mixed-integer linear programming with MCDM for equitable
vaccine allocation, while Alam et al. [54] used fuzzy DEMATEL to capture interdependen-
cies among pandemic-related supply barriers. Golan et al. [73] and Kazangoglu et al. [74]
integrated AHP and DEMATEL to identify resilience drivers and stakeholder coordina-
tion mechanisms, proving the capability of multi-criteria tools to improve operational
adaptability. These approaches demonstrate that MCDM provides a structured means
of incorporating diverse stakeholder preferences and ensuring transparent policy evalua-
tion [75].

Recent developments show a clear methodological shift toward hybrid and fuzzy-
integrated MCDM models. Researchers have combined fuzzy DEMATEL with BWM or
WASPAS for resilient supplier selection [42] and AHP with EDAS under spherical fuzzy
environments for pharmaceutical warehouse siting [76]. Other studies propose fuzzy multi-
objective optimization models to strengthen both sustainability and resilience dimensions
in pharmaceutical logistics [77]. Such hybridization reflects growing attention to data
ambiguity and expert judgment uncertainty in health systems [78].

The theoretical rationale underlying these applications is anchored in sustainability
and resilience frameworks that balance the triple bottom line, economic, environmental,
and social performance, while embedding scenario and sensitivity analyses for policy
robustness [64,79]. The integration of fuzzy logic with Al and IoT further enhances the
adaptability and real-time responsiveness of vaccine logistics models [80].

Table 2. MCDM applications to the SCs of medicines and vaccines.

Authors Empirical Focus Env. Method(s) Country
Barrier and enabler assessment for .
[65] the next VSC generation Fuzzy AHF, MOORA India
[81] VSC problem prioritization Fuzzy ISM, ANP India
[66] VSC risk assessment Crisp DEMATEL, ANP Indonesia
Solving the issue related to . .
(671 sustainable vaccine distribution Crisp BWM, MARCOS India
Strategy analysis to address the .
[68] environmental effect of VSC Fuzzy DEMATEL India
[69] Sustainable VSC modeling Crisp MOSEO, MOFEPSO, TOPSIS ~ Bangladesh
[70] Optimization of the VSC challenges Crisp DEMATEL -
Establishment of strategies for a
[71] durable and flexible VSC Fuzzy DEMATEL Bangladesh
. Prioritizing the policies for SWARA, VIKOR, L
This study sustainable MVSCs Fuzzy Game Theory Nigeria

In summary, MCDM applications in MVSC research have evolved from purely op-
erational analyses toward hybrid, fuzzy, and theory-driven frameworks that integrate
resilience, sustainability, and stakeholder participation. By enabling structured evaluation
under uncertainty, MCDM models offer both analytical depth and conceptual grounding,
addressing the core gap identified by reviewers regarding theoretical integration.

2.3. Research Gaps

Existing research on MVSCs demonstrates notable progress in applying MCDM-based
frameworks; however, several methodological and conceptual gaps persist that limit their
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practical and theoretical robustness. Empirical studies reveal that most MCDM models ad-
dressing healthcare logistics remain data-dependent and narrowly operational, overlooking
resilience and governance dimensions essential for sustainable decision-making [58,82,83].
Data quality issues, particularly in low-resource contexts, reduce the reliability of derived
insights, while reactive, post-event analyses dominate the literature instead of anticipatory
approaches designed to manage uncertainty and disruption [73,84]. Moreover, although
resilience has been widely recognized as a strategic necessity, few studies have successfully
embedded resilience factors into MCDM structures capable of modeling interdependencies
amonyg flexibility, responsiveness, and collaboration [85-87].

From a methodological standpoint, previous fuzzy MCDM applications such as AHP,
VIKOR, and DEMATEL have faced persistent challenges related to system complexity,
data imprecision, and hybridization inconsistencies. Many rely on oversimplified pairwise
comparisons that obscure complex relational dynamics within healthcare logistics [88,89].
Additionally, fuzzy extensions often fail to capture nuanced expert judgments when linguis-
tic variables are poorly defined [90,91]. Integration of multiple fuzzy techniques, although
promising, introduces new sources of methodological ambiguity and can compromise
weighting stability [92,93]. These weaknesses underscore the need for more coherent fuzzy
frameworks capable of reflecting real-world complexity and decision heterogeneity.

Conceptually, current models remain fragmented, focusing on isolated supply chain
stages or assuming ideal operational conditions that fail to capture dynamic real-world
interactions [94,95]. Weak policy frameworks and poor implementation in low- and middle-
income countries further constrain the sustainability of MVSC systems [58,96]. Scholars
increasingly call for decision-making frameworks that integrate sustainability, resilience,
and governance through more sophisticated, adaptive methods [64,97].

Emerging research emphasizes hybrid MCDM approaches, particularly those combin-
ing SWARA, WASPAS, and fuzzy logic, for improved adaptability and real-time decision
integration [98,99]. Incorporating technologies such as Al blockchain, and big data analyt-
ics is also proposed to strengthen transparency and responsiveness [100,101]. Yet, despite
these advances, no study has yet introduced an FF multi-criteria framework integrated with
a game-theoretic layer, which collectively enables policy prioritization under uncertainty
and strategic competition.

Addressing these gaps, the present study contributes a novel FF-SWARA-VIKOR-
Game Theory model that bridges operational decision-making with policy-level dynamics.
By capturing both expert uncertainty and stakeholder strategy shifts, it offers a robust and
theoretically grounded mechanism for sustainable MVSC policy formulation, an aspect
largely absent from the current literature.

3. Problem Definition
3.1. Alternatives Definition

Four solutions have been identified via previous studies and experts’ points of view.
Al—Effective implementation of existing policies: Access to appropriate health prod-

ucts remains a challenge at national level. To address this, Nigeria has implemented
strategies like the engagement of skilled professionals and the regulation of human re-
sources development. Despite these efforts, the goals set by these policies have not been
fully realized [4]. Therefore, the current state of the pharmaceutical sector should be known,
and strategies should be developed for effective implementation of essential medicines and
vaccines access in Nigeria.

A2—Improved security: To improve medicine security in Nigeria, a key strategy is

to address the challenges affecting both local medicine manufacturing and the effective
management of medicine SCs [102]. The restrictions on international travel during the
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pandemic could be a significant concern for the healthcare system [103], given Nigeria’s
heavy reliance on imported medicines.
A3—Health system reinforcement via appropriate budgetary grants: Onwujekwe et

al. [104] underscore the need for an enhanced healthcare financing system in Nigeria.
They advocate for an increase in the government’s healthcare budget and emphasize the
importance of involving key decision-makers in advocating for additional funding based
on tangible results and evidence. To improve the social health insurance framework,
they propose various changes. This includes amending the legislation that currently
makes health insurance voluntary within the Nigerian National Health Insurance Scheme
(NHIS). They also recommend expanding insurance coverage to include the informal sector
and engaging in negotiations with labor unions to encourage government employees to
contribute. Furthermore, they suggest that service provision within the FSSHIP should
be primarily driven by strategic purchasing to enhance both efficiency and equity. It is
crucial to raise awareness among beneficiaries of their rights within the scheme [105]. To
address the distrust between state and federal governments, NHIS and the Federal Ministry
of Health (FMOH) should provide support for the establishment and management of
State Health Insurance Schemes (SHIS) [106]. Proper regulation of Health Maintenance
Organizations (HMOs) is also vital. Regarding the government budget, the provision of a
huge healthcare budget is important to ameliorate efficiency. Healthcare spending should
prioritize results and be informed by evidence [106]. Lastly, they stress the significance
of collaboration across multiple sectors when designing and implementing healthcare
financing strategies.

Ad—Infrastructure facilities provision including steady electricity access: Infrastruc-

ture, specifically a consistent electricity supply, is crucial for the success of Nigeria’s
MVSC [58]. It preserves the efficacy and quality of vaccines and medicines through ef-
fective cold chain management. Reliable electricity is also essential for quality control
procedures and the operation of electronic data systems for inventory management and
order processing. A stable power supply improves efficiency and reliability, reducing dis-
ruptions and enabling timely delivery of healthcare products. During health emergencies,
dependable electricity is necessary for maintaining the cold chain and distributing medical
supplies quickly.

3.2. Criteria Definition

The main criteria are categorized into eight groups based on reviews and experts’
points of view. The sub-criteria under these eight groups are presented in Table 3.

Table 3. Sub-criteria set for the problem.

Criteria Sub-Criteria

Challenges experienced by pharmacists with the
various aspects of the supply chain (C11)

Lack of support for personnel involved in
medicine logistics (C12)

Human resource challenges (C1) Inadequate personnel (C13)

Lack of human resources as well as
corruption (C14)

Killing of personnel due to insurgency (C15)

Lack of financial resources (C21)

Fi ial chall C2
inancial challenges (C2) Poor funding for vaccine supply (C22)
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Table 3. Cont.

Criteria Sub-Criteria

Delays in importation and difficulty in
maintaining delivery vehicles (C31)

Distribution issues due to delayed or inaccurate
inventory reporting (C32)

Delay, transportation and

eyt Insecurity during transportation of vaccines and
distributions challenges (C3)

logistics distance between manufacturer and
Nigeria (C33)

Inability to monitor and maintain optimum
temperatures for vaccines during
transportation (C34)

Inadequate implementation of medicine

Policies and standard operating distribution policies (C41)

Procedure challenges (C4) Sub-optimal implementation of policies (C42)

Non-adherence to policies (C43)

Disruption of the supply chain through the
destruction of storage facilities (C51)

Infrastructure and storage Inadequate storage facilities for ivermectin (C52)
challenges (C5)

Inadequate cold storage facilities (C53)

Inadequate ice-packs (C54)
Stock-outs (C61)
Substandard medicines (C62)
Shortages and unreliable vaccine supply (C63)

Issues including medicines or
vaccines stockouts (C6)

Regular stock-outs of essential medicines due to
inefficient inventory management systems (C64)

Interruption of drug supplies (C71)

Unreliable vaccine supply (C72)

Inefficient procurement systems (C73)

Damaged products and packages (C74)

Technical issues (C7) Loss of potency of cold chain medical
supplies (C75)

Irregular power supply and use of archaic
technology in vaccine handling (C76)

Inadequate ice blocks to maintain a cold
chain (C77)

Poor procurement (C81)

Incomplete forecasting (C82)

Poor data collection, use and management (C83)

Poor data management of Poor reliability and availability of data for
medicines and vaccines supply (C8) forecasting and decision making (C84)

Sub-optimal data on vaccine stock (C85)

Poor reliability and availability of data for
forecasting and decision making (C86)
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Cl—Human resource: Pharmacists play crucial roles in various facets of medicine SCs
within their professional capacity. Nevertheless, they encounter issues [107]. In Nigeria,
issues related to the medicine SC includes a lack of support for logistics personnel, the

tragic loss of personnel due to insurgency, shortages of workforce. Furthermore, a study
aimed at assessing access to immunization services in some regions of Nigeria revealed
inadequacies of human resources [108].

C2—Financial: It has been indicated that inappropriate fund and lack of vaccine are
the main issues that lead to poor coverage during the expanded program on immuniza-
tion [108]. Moreover, financial challenges within MVSCs have been highlighted, including
issues related to corruption in the funds provision for medicine supply [82].

C3—Delay, transportation, and distributions: In a study conducted in Nigeria, vari-

ous challenges within the healthcare SC have been brought to light. These encompass
delays in the importation of antimalarials and the challenges of maintaining delivery
vehicles [109]. Likewise, some authors have reported issues related to the distribution
of medications for multidrug-resistant tuberculosis (TB). These problems arise from de-
layed inventory report submissions, inaccuracies in reporting, and transportation obstacles,
including vehicle breakdowns [110].

C4—Policy and standard functioning process: Ineffective policies or their inadequate

implementation are the main issues of medicine SCS. A latest qualitative study from
Amadi and Tsui 3, for instance, spotlighted the difficulties arising from the absence of strict
plans or fragile application of actual plans for the dissemination of medicines. Moreover,
there is supporting evidence indicating weaknesses in SC practices and deficiencies in the
regulatory framework 4.

C5—Infrastructure and storage: Surakat et al. [111] prominently highlighted chal-

lenges associated with infrastructure, with more than 50% of participants identifying poor
storage facilities as a primary obstacle in the provision of ivermectin. Furthermore, Aig-
bavboa and Mbohwa 2 pointed out that the loss of storage facilities has resulted in the
disruption of the SC. Issues with substandard and inadequate vaccine storage facilities,
particularly in Nigeria’s local government areas, have also been identified [112].
C6—Medicines or vaccines stockouts: Mohammed et al. [113] documented a signifi-

cant number of instances of vaccine stockouts. Insufficient and unreliable vaccine supply
has been recognized as a key factor leading to incomplete immunization and acting as a
barrier to children’s immunization [114]. Reports have also highlighted that inadequate
vaccine supply can result in incomplete immunization schedules [113].

C7—Technical problems: Aigbavboa and Mbohwa [2] highlighted the recurring emer-

gence of technical challenges, encompassing insufficient pharmaceutical infrastructure, the
utilization of substandard or obsolete equipment in vaccine management, and inadequate
monitoring of required temperature standards for vaccines. Onyeka et al. [115] identified
a shortage of essential ice packs as a noteworthy challenge for maintaining optimal tem-
peratures within the cold chain. Furthermore, Dairo and Osizimete [116] reported that
the absence of a reliable power supply, resulting in temperature fluctuations in vaccines,
constitutes a significant obstacle in vaccine supply management in Nigeria.
C8—Insufficient data management: Sarley et al. [82] pinpointed challenges within the

VSC in Lagos State, such as insufficient data collection, problems with data quality, and
suboptimal data utilization. Likewise, Wallace et al. [117] addressed the quality of data
related to vaccine stock in their study on vaccine wastage in Nigeria. Moreover, Omole
et al. [56] exposed difficulties associated with the dependability and availability of data for
prediction and decision-making.
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4. Proposed Game-Theoretic Methodology

The integrated framework developed in this study consists of three complementary
stages that combine fuzzy MCDM methods with a game-theoretic analysis to evaluate
strategies and determine robust policy solutions for sustaining medicine and vaccine
supply chains. Fuzzy set theory has progressively evolved from its classical form to
richer, application-driven formulations that better capture imprecision and hard operating
constraints in complex systems [118]. This design ensures adaptability to complex decision
environments by capturing both expert perceptions and the dynamic nature of strategic
trade-offs across different policy scenarios. Algorithm 1 presents the pseudocode of the
proposed methodology.

Stage 1—FF-SWARA (determination of criteria weights): In the first stage, the FF-
SWARA technique is applied to determine the weights of the evaluation criteria. Expert
judgments are elicited to reflect the relative importance of criteria, while FFSs handle
the subjectivity and uncertainty embedded in these assessments. The SWARA method is
chosen because it captures expert opinions without imposing the computational burden
of pairwise comparisons, ensuring a more streamlined, transparent, and expert-driven
weighting process.

Stage 2—FF-VIKOR (ranking of alternatives): In the second stage, policy alternatives
are evaluated against the weighted criteria using FF-VIKOR. This method provides a
compromise solution by balancing group utility with individual regret, thereby accommo-
dating the inherent subjectivity of expert evaluations. The process yields scenario-specific
performance scores (S;, R;, Q;) and identifies the best compromise solution under each
weighting scheme.

Stage 3—Game-theoretic layer (identification of robust policy under strategic scenar-
ios): To ensure robustness across different strategic priorities, a game-theoretic layer is
incorporated as the third stage. Here, multiple scenario-based weighting schemes (e.g.,
cost-focused, infrastructure-driven, human-capital, governance-oriented, balanced) are
generated through expert adjustments and Monte Carlo simulation. For each scenario,
VIKOR scores are recalculated, and the resulting payoff matrix is constructed by transform-
ing Q values into payoffs (P = —Q). The matrix game is then analyzed to test for a pure
equilibrium (saddle point). If none exists, a mixed-strategy equilibrium is solved via linear
programming for both the policy and scenario players. The equilibrium outcome identifies
the optimal policy (or policy mix) and the guaranteed performance level, along with the
binding scenarios and strategies that shape robustness.

Algorithm 1. Three-Stage FF-SWARA-VIKOR-Game Theoretic Framework
Stage 1. FF-SWARA

Input:
ExpertsetE = {Ey,Ey,...,Ec},
Criteria set C = {Cy,Cy,...,Cpn},
Fermatean fuzzy linguistic scale/ /see Table 4
Output:
Final normalized FF-SWARA weights w; for all criteria.
Begin

;&j < Establish the aggregated decision matrix:
[LTjk} < Obtain expert evaluations for each criterion C]- using FF LTs/ /see Table 4.

Ajk = (pjk, ij) < Translate each LTjk into an FFN/ /see Table 4.
Aj <+ Aggregate expert opinions for each criterion using the FFWG operator/ /see Equation (10).

S*(j) + Compute the positive score for each criterion/ /see Equation (11).

Rank criteria in descending order based on the positive score values.

¢ < Excluding the first-ranked criterion, compute the comparative significance of each remaining criterion by comparing its S*(j) value
with that of the previous criterion in the ordered list.

kj < Set the comparative coefficient of the first-ranked criterion to 1; compute it for each of the remaining criteria accordingly//see Equation
(12).

qj < Set the recalculated weight of the first-ranked criterion to 1; iteratively determine it for the remaining criteria//see Equation (13).
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Algorithm 1. Cont.

wj ¢ Normalize all recalculated weights using sum-based normalization to obtain the final weights//see Equation (14).

End
Stage 2. FF-VIKOR
Input:
Final weights wj (from Stage 1),
Alternatives A = {A1,Ay,...,Am},
Strategy weight T for balancing group utility and individual regret; typically set to 0.5
Output:
Compromise ranking of alternatives and the best alternative(s)
Begin
[LT;] < Obtain expert evaluations of each alternative A; under every criterion Cj using the FF linguistic terms/ /see Table S1.
;&?jgg < Aggregate expert evaluations into the aggregated FF decision matrix using the FFWG operator/ /see Equation (9).
Determine ideal solutions:
A* < Determine the positive ideal solution containing the best performance values for each criterion/ /see Equation (15).
A~ ¢ Determine the negative ideal solution containing the worst performance values for each criterion//see Equation (16).
Si, R; <= Compute the group utility and individual regret measures for each alternative using the weighted Euclidean distance calcula
tion/ /see Equations (17) and (18).
Q; + Calculate the compromise index integrating S; and R; through the strategy weight 1/ /see Equation (19).
Rank alternatives in ascending order of their Q; values:
If two alternatives have equal Q;, use S; and R; as tie-breakers.
Identify the alternative with the lowest Q; as the candidate compromise solution (Alt’) and the second-lowest as (Alt”).
Verify the two VIKOR acceptability conditions for (Alt').
Acceptable advantage: Q(Alt") — Q(Alt') > D(Q), where D(Q) = 1/(m — 1)/ /see Condition-1.
Acceptable stability in decision-making: (Alt') must also rank first in either S; or R; ordering/ /see Condition-2.
Determine compromise solution:
If both Condition-1 and Condition-2 are satisfied, (Alt') is the unique compromise solution.
If only Condition-2 fails, include (Alt') and (Alt”) in the compromise set.
If only Condition-1 fails, extend the set to include all alternatives up to Ay such that Q(Ap) — Q(Alt') < 1/(m —1).
End
Stage 3. Game-Theoretic Layer
Input:

Strategic weighting scenarios set S = {Sq, ..., S;} representing different governmental orientations,
Alternatives A = {A1,A,...,An}
Output:
Equilibrium policy (pure or mixed) and the guaranteed VIKOR level Qgyaranteed
Begin
Qa, s, ¢ For each S, run the FF-VIKOR procedure to evaluate the performance of each policy A;.
P < Convert Qy, 5, values into a payoff matrix to fit the zero-sum game formulation//see Equation (20).
Pg, Py, : égl)’npute security level for scenarios (strategy selector) and upper value for policy alternatives (policy maker)//see Equations (21)
an .
minimax, maximin <~ Determine minimum of P, values and maximum of P, values.
Examine whether a saddle point exists:
A saddle point (i.e., pure-strategy Nash equilibrium) exists at (A;",S;*) where P4 « g+ = maximin = minimax.
If no saddle point exists (maximin # minimax), formulate the mixed-strategy linear programming model for the policy player (row)//see
Equation (23).
v*, z* < Solve the model for the optimal value of the game (¢*) and probability vector (optimal mixed policy z*).
Qguaranteed <~ Compute the guaranteed VIKOR level//see Equation (24).
w”, y + Formulate and solve the dual LP for the strategy selector (column)//see Equation (25).
End of Algorithm

Table 4. FF linguistic terms for criteria evaluation.

Linguistic Terms Abbreviations " v
Absolutely Low AL 0.1 0.975

Very Low VL 0.15 0.9
Low L 0.2 0.85
Medium Low ML 0.35 0.7
Medium M 0.5 0.45

Medium High MH 0.6 0.4
High H 0.7 0.35

Very High VH 0.85 0.2

Absolutely High AH 0.975 0.1

This three-stage framework, i.e., FE-SWARA, FF-VIKOR, and the game-theoretic layer,
operationalizes systems thinking by combining expert-driven weighting, compromise-
based ranking, and equilibrium-based robustness testing. By integrating FFSs throughout
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all stages, the framework effectively addresses uncertainty in expert judgments and delivers
policy recommendations that are both context-sensitive and strategically resilient. Figure 1
presents the flowchart of the integrated framework.
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Figure 1. Methodology flowchart.

Before delving into the detailed methodology, essential definitions related to FFSs
are provided.
Equation (1) defines an FF number in a given set as F[8]:

F= {x, up(x), vg(x);x € X} (1)

The levels of membership and non-membership of component x € X to F are defined
as pg(x): X +[0,1] and vz(x) : X + [0,1], where Equation (2) must be satisfied:

0 < pp(x)’ +op(x)° <1 2

The uncertainty level is calculated using Equation (3):

) = 1= (kp@)® +0p()) ®

Figure 2 provides a visual representation that depicts the relationships among the
parameters of FFSs, enabling comparisons with Intuitionistic and Pythagorean fuzzy
sets [119].
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Definition 1. FF numbers (FFNs) & = (jz, vg) and p = (yg, vE> as sum and combination of
numeric operations are given in Equations (4) and (5), respectively [8]:

B p = (f/ﬂg4‘V%“V%ﬂ%anvg> @
Tp= <1m45, 3o + v% — v%v%) )

0.8
0.6

0.4

Degree of non-membership

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Degree of membership

M Intuitionistic fuzzy set M Pythagorean fuzzy set Ml Fermatean fuzzy set

Figure 2. The interrelationships among Intuitionistic, Pythagorean, and Fermatean fuzzy sets.

Definition 2. Multiplication by scalar and the power (A > 0) of an FF number & = (ugz, vg) are
defined in Equations (6) and (7), respectively [119]:

A = (3 1—(1—;{%)A,v§‘> ©)

# = (i 1-0-)") )

Definition 3. The Euclidean distance between two FFNs, depicted as & and B, is defined as in
Equation (8) [120]:

d(% B) :JM[(”%—P%)Z(”%_viﬁ):("%_”%)z] ®)

Definition 4. Let F, = (ka’ Ufk) be several FFNs and (81,62, . ..,06;)" be a weight vector of the
experts (k=1,2,...,1) with Zf(zl o = 1.

Later, the function FFWG represents an FF-weighted geometric (FFWG) operator (see
Equation (9)) [8]:

~ o~ — e e
FFWG (Fl,Fz, ...,Fe) - (H V%IEU%> ©)

In the following formulations, i denotes alternatives (i = 1,2,...,m), j indicates crite-
ria (j =1,2,...,n), k represents the experts (k =1,2,...,e).
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4.1. Stage-1: SWARA Method Equipped with FFNs (FF-SWARA)

The steps of the FF-SWARA approach are as follows.

Step 1: Constructing the decision matrix [LTjk} with expert input for each criterion,
using the linguistic terms (LTs) from Table 4 [25].

Step 2: Translating the FF linguistic assessments from each expert into FFNs by
referring to the scale specified in Table 4. Let A ik = (;4 ks U]-k> be an FFNs-based assessment
of criterion j by expert k. Later, an FFWG operator is applied for the aggregation of
the expert judgments for each criterion to establish aggregated FF decision matrix via
Equation (10).

> g = T TT.0 |
A]-:FFWG(Aﬂ,AJQ,...,Ajg): (}l‘[lyé;‘[lvé 1j=1,2,...,nandk=1,2,... ¢ (10)

where & denotes the importance weight of the expert k.
Step 3: Computing the positive score S (j) for each criterion using Equation (11).

ST() =1+p? -0} (11)

Step 4: Ranking criteria in descending order based on S (j) values. The higher the
score, the greater the relative significance of the criterion.

Step 5: Determining the comparative significance (cj) by subtracting S (j) of criterion
(j) from that of the previous criterion (j — 1).

Step 6: Computing the comparative coefficient (k]-) for each criterion using Equation (12).

1, j=1
k: = 12

Step 7: Computing the recalculated weight (qj) iteratively using Equation (13).

1, j=1
q;i = { 17(,];1)/ ] -1 (13)

Step 8: Driving final weight for each criterion by normalizing the recalculated weights,
as given in Equation (14).
aj
7:1 qj

wj = (14)

4.2. Stage-2: VIKOR Method Equipped with FFNs (FF-VIKOR)

Herein, alternative solutions are ranked [120], aiming to identify compromise solutions
that closely align with the ideal choice [121]. The FF-VIKOR steps are shown bellows.

Step 1: Consulting experts to obtain performance evaluations of alternatives for each
criterion, using the LTs listed in Table S1 (see Supplementary Materials) [121].

Step 2: Establishing the aggregated FF decision matrix via Equation (9).

Step 3: Determining the positive (A*) and negative (A ™) ideal solutions via Equations
(15) and (16).

AF = {551-]- where max X;j|i = 1,2,...,m} (15)
1

AT = {fij where min X;j|i = 1,2,...,m} (16)
1
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In this context, X;; is FF performance value of the it" alternative for the j* criterion.

Additionally, the elements of A* are represented as x] = (y i ) while the elements in

A~ are denoted as X = (yj , U

Step 4: Computing S; as the average gap between alternative and ideal solutions, and
R; as the maximum gap for improvement priority. These metrics, based on FFS principles,
are computed via Equations (17) and (18).

el %) 17)

d
S; :];w —deuc( 5 x*)

.o *

deuc (xz]/ x]-)
- *

Aeuc (x]' ’ x]' )

where d,,. indicates the Euclidean distance (Equation (8)).

Rj = max{ w; (18)

Step 5: Computing Q;, which integrates both average and maximum gaps, via
Equation (19).

S;—S* R; — R*
Qi:TSi_S*‘F(l—T)ﬁ (19)
where §* = mm S;, 57 = max S;,R* = mm R;,R™ = max R;. In this context, T—weight for

maximizing group utility, whﬂe (1— T)—welght of 1nd1v1dual regret. These two strategies
can potentially find a middle ground when 7 is set to 0.5.

Step 6: Ranking alternatives in ascending order based on their S;, R; and Q; values.
Low Q; value of alternative is the most appropriate choice (Alt'). To be considered as a
compromise solution, the following two conditions must be adhered to by the alternative.

Condition-1: “Acceptable advantage”: The disparity between Q(Alt") and Q(AIt')
must be equal to or greater than D(Q), where (Alt") represents the alternative with the
second smallest value based on the Q; measure, and D(Q) is equivalent to 1/(m —1).

Condition-2: “Acceptable stability in decision-making”: The alternative (Alt’) should
occupy the top position in the ascending order of S or R rankings.

A compromise solution is found when these conditions are unfulfilled.

When only Condition-2 is not satisfied, a set that includes both alternative (Al t') and
alternative (Alt") is taken into consideration.

When only Condition-1 is not satisfied, a set is created, which includes alternative
(Alt"), alternative (Alt"), and potentially other alternatives up to alternative (H). The de-
termination of alternative (H) is based on the condition that Q(H) — Q(AIt') < 1/(m — 1)
for the maximum value of H.

4.3. Stage-3: Game-Theoretic Layer

At this stage, we incorporate a game-theoretic framework, grounded in the classical
minimax formulation of zero-sum games [79] and enriched by the strategic interaction
perspective introduced by Stackelberg [80], to evaluate robust policy selection under
adversarial scenarios. Let Q4, s, € [0,1] denote the VIKOR compromise index of policy
A = {A1,... Ay} under strategic weighting scenario S; = {Sy,...S;} (lower is better).
Here, m denotes the number of policy alternatives (rows), whereas t represents the number
of strategic weighting scenarios (columns). To obtain a game payoff where “larger is better”,

then we define Equation (20):
S = _QAI‘,SI (20)
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Now, the column player (scenario selector) minimizes payoff, and the row player
(policy-maker) maximizes it. Payoffs are defined as (P4,s, = —Qa,s,), ensuring that
larger values indicate better performance for the policy maker. Rows correspond to policy
alternatives, and columns correspond to strategic weighting scenarios.

Given the payoff matrix P, define for each column S; its security level is defined in
Equation (21) and for each row A; its upper value is defined in Equation (22), respectively.

Ps, = n}‘iin Pa,s, (21)

1
ﬁAi = msax PA;',Sz (22)
1

The compute, maximin = max le and minimax = min FA,.. If maximin = minimax,
Sy A;

a saddle point exists at some (4;",5;*) with Py« g+ = maximin = minimax, which is
a pure-strategy Nash equilibrium: S;* vs. A;*. Interpretation under the transformation
P = —Q: the equilibrium policy A} maximizes the guaranteed (worst-case) payoff P,
while the equilibrium scenario S; minimizes it, representing the adversarial condition
where the scenario player seeks to reduce the policy maker’s performance. If the equality
does not hold (e.g., maximin # minimax), a mixed-strategy formulation is applied by
using linear programming and it should be found mixed-strategy equilibrium. When
no saddle point exists, the row player seeks a probability vector z € RF over policies
(X4, za, =1, 24, > 0) that maximizes the guaranteed payoff » against any scenario:

maXu¢
z,0

s.t.

A (23)
A,»:AlpAi/Slei Z v, VS[ - 51,. . .,St

m

A=A, T A = L2y 20

The optimal value ¢* is the value of the game, and z* is the optimal mixed policy. In
this study, since P = —Q, the guaranteed VIKOR level is

quﬂmnt@ed =—v" (24)

For completeness, the dual identifies the adversarial mixture over scenarios y € R"
S
(ZS::SI Ys, = 1, Ys, > 0) :

minw
yw

s.t.
S
252:51 PAi/Slysl S w, VAi = Al, .. .,Am
S
ZS::&QSI =145 20

(25)

With «* = #*. Rows binding at optimum (constraints tight) indicates the critical
scenarios that shape at equilibrium.

5. Application of the Proposed Methodology

In this research, 35 challenges to the promotion of sustainable MVSCs have been suc-
cessfully identified and categorized into eight distinct groups, and four potential alternative
solutions have been put forward to address them. The complete list of these challenges,
together with their definitions and corresponding main criteria, is provided in Table 3. To
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ensure a consistent and trustworthy evaluation, an interview is conducted with experts of
the field.

This group of experts consists of three consultants and four medical officers, all
possessing considerable expertise in policymaking and industry. They were carefully
selected based on specific criteria, including their proficiency in MVSCs, each with a
minimum of ten years of experience.

To manage consistency in expert judgments, we used a structured consensus protocol:
experts first provided independent linguistic assessments, then participated in a moderated
clarification session to discuss scale usage and resolve large divergences, followed by a
second pass to confirm stability. Agreement was finalized by majority consensus, after
which the linguistic terms were converted to FFNs for aggregation.

5.1. Criteria Weights Determination

Experts are instrumental in model development, where they assess defined criteria
and sub-criteria using a set of predetermined LTs listed in Table 4. The resulting evaluations
are carefully organized into a decision matrix presented in Table 5.

Table 5. Criteria evaluation by the experts.

E1 E2 E3 E4 E5 E6 E7
C11 H ML VH M ML M ML
C12 H M AL AH H ML H
C13 H M H M ML H ML
Cl14 VH VL VH H M VH VH
C15 MH AL AL AL MH M L
C21 VH H VL H MH VL M
Cc22 AH H H MH VH M H
C31 M M L M MH L MH
C32 ML AH ML L H ML ML
C33 MH M AL M L L L
C34 MH L L M VH H ML
C41 H MH L L ML L ML
C42 L L L L AH MH L
C43 L ML M H MH M ML
C51 MH ML MH VH M ML MH
C52 MH H ML ML M ML M
C53 L L L MH ML M L
C54 L MH L ML MH MH L
C61 VH MH M M M H M
C62 MH ML MH ML M MH MH
C63 ML ML ML H ML H ML
C64 VL MH VL MH AH VL VL
C71 AH VH VH M VH MH VH
C72 ML M MH M VH M ML
C73 H MH MH ML H MH H
C74 MH H MH H MH M MH
C75 MH MH MH H AH M MH
C76 MH MH VL MH VL VL VL
C77 ML H ML ML ML H ML
C81 VH ML ML M AH ML ML
C82 MH M M M MH H MH
C83 M M M VL M M M
C84 MH ML MH L MH ML MH
C85 H ML MH VL M VH MH
C86 L M M M H VL H

AL: Absolutely Low, VL: Very Low, L: Low, ML: Medium Low, M: Medium, MH: Medium High, H: High, VH: Very
High, AH: Absolutely High.
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LTs were converted into FFNs following the scale given in Table 4. The complete set of
converted values, along with detailed challenge definitions, is presented in Supplementary
Materials Table S2. Expert assessments were subsequently combined using Equation (9),
resulting in the aggregated evaluations given in Table 6.

Table 6. Aggregated criteria evaluations.

] v u v u v
C11 0.4857 0.4672 C42 0.2934 0.5622 c73 0.5935 0.4092
C12 0.4798 0.3877 C43 0.4266 0.5304 C74 0.6109 0.3916
C13 0.5216 0.4584 C51 0.5267 0.4323 C75 0.6405 0.3274
C14 0.5982 0.3016 C52 0.4621 0.5159 C76 0.2717 0.6358
C15 0.2318 0.6637 C53 0.2889 0.6779 Cc77 0.4267 0.5742
C21 0.4321 0.4471 C54 0.3469 0.5985 C81 0.4840 0.4161
c22 0.7035 0.2854 Cel 0.5809 0.3802 C82 0.5673 0.4128
C31 0.4054 0.5218 C62 0.5011 0.4773 C83 0.4210 0.4968
C32 0.4130 0.4936 Ce3 0.4267 0.5742 C84 0.4397 0.5227
C33 0.2753 0.6490 Co4 0.2912 0.5216 C85 0.4771 0.4397
C34 0.4249 0.4857 C71 0.7645 0.2246 C86 0.4066 0.5064
C41 0.3284 0.6361 c72 0.5000 0.4471

Aggregated evaluations in Table 6 are used to calculate criteria scores with Equation (11).
The criteria are ranked by their scores in descending order. The steps 4-8 in the first stage
are used for criteria weight determination, as shown in Table 7, which includes both scores
and weights.

Table 7. Computed scores, coefficients, and final weights of criteria derived from FF-SWARA.

Criteria Score ¢ k; q; Weight
C71 1.3965 - 1.0000 1.0000 0.0465
Cc22 1.2667 0.1298 1.1298 0.8851 0.0412
C75 1.1556 0.1111 1.1111 0.7966 0.0370
C14 1.1231 0.0325 1.0325 0.7716 0.0359
C74 1.0747 0.0484 1.0484 0.7359 0.0342
C61 1.0514 0.0232 1.0232 0.7192 0.0334
C73 1.0416 0.0099 1.0099 0.7122 0.0331
C82 1.0122 0.0294 1.0294 0.6918 0.0322
C12 0.9601 0.0520 1.0520 0.6576 0.0306
C51 0.9592 0.0009 1.0009 0.6570 0.0306
C81 0.9402 0.0190 1.0190 0.6448 0.0300
C13 0.9318 0.0084 1.0084 0.6394 0.0297
C72 0.9251 0.0067 1.0067 0.6351 0.0295
C85 0.9153 0.0098 1.0098 0.6290 0.0293
C62 0.8980 0.0172 1.0172 0.6183 0.0288
C11 0.8963 0.0018 1.0018 0.6172 0.0287
C21 0.8808 0.0155 1.0155 0.6078 0.0283
C34 0.8408 0.0399 1.0399 0.5844 0.0272
C52 0.8326 0.0083 1.0083 0.5797 0.0270
83 0.8278 0.0048 1.0048 0.5769 0.0268
C32 0.8267 0.0010 1.0010 0.5763 0.0268
C84 0.8118 0.0150 1.0150 0.5678 0.0264
C86 0.8108 0.0010 1.0010 0.5672 0.0264
C43 0.7963 0.0144 1.0144 0.5592 0.0260
C31 0.7943 0.0020 1.0020 0.5580 0.0260
Co4 0.7527 0.0417 1.0417 0.5357 0.0249
C63 0.7479 0.0048 1.0048 0.5332 0.0248
C77 0.7479 0.0000 1.0000 0.5332 0.0248
C42 0.7092 0.0387 1.0387 0.5133 0.0239
C54 0.6835 0.0257 1.0257 0.5005 0.0233
C41 0.6308 0.0527 1.0527 0.4754 0.0221
C76 0.6158 0.0150 1.0150 0.4684 0.0218
C33 0.5997 0.0162 1.0162 0.4609 0.0214
C15 0.5720 0.0277 1.0277 0.4485 0.0209

C53 0.5646 0.0074 1.0074 0.4452 0.0207
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Figure 3 shows the values and rankings related to all 35 challenges for the promotion
of sustainable MVSCs, without taken into consideration their group. The analysis reveals
that the most critical challenge is “C71- interruption of drug supplies”, followed by C22,
C75, C14, and C74, respectively. These findings highlight that interruption of drug supplies
(C71), poor funding for vaccine supply (C22), loss of potency of cold chain medical supplies
(C75), lack of human resources (C14), and damaged products and packages (C74) are the

most significant challenges hindering the sustainability of MVSCs in Nigeria.
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Figure 3. Weights of MVSC challenges.

5.2. Evaluating the Alternatives

This study seeks to find the right policy to improve MVSCs in developing countries.
Four different policies were identified and evaluated by experts based on predetermined
criteria. The expert evaluations, as displayed in Table S3 (see in Supplementary Materials),
are a pivotal part of this study.
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Following the translation of LTs into FFNSs, decision matrices were created and merged
using the FFGM operator, defined in definition 4. Subsequently, best ()?*) and worst (X )
values were found for each criterion. In the next step, utilizing the aggregated values, S;,
R; and Q; were computed. This process involved applying final criteria weights with a
parameter A set to 0.5, following the methodology outlined by Ayyildiz [25]. The resulting
Si, R; and Q; values for each alternative strategy are detailed in Table 8, providing a
comprehensive picture of their performance and suitability within the study’s context.

Table 8. S;, R; and Q; values and ranking of alternatives.

Alternative S; R; Q; Rank (S;) Rank (R;)  Rank (Q))
Al 0.3917 0.0465 0.5000 1 4 2
A2 0.5589 0.0359 0.5082 3 2 3
A3 0.5931 0.0370 0.6378 4 3 4
A4 0.5242 0.0334 0.3289 2 1 1

In the Q; ranking, A4, which addresses “infrastructure facilities provision including st-

eady electricity access,” takes the top spot. It meets condition 2 for “acceptable stability in

decision-making” and is ranked first in the R; ranking. However, it falls short of satisfying
condition 1, which requires “acceptable advantage”. The difference (0.1711) between Q;
and Q, (Al—effective policy implementation, the second-appropriate alternative) is insuf-
ficient to exceed the threshold of 0.3333 (1/(4—1)). Therefore, the most optimal approach
involves a compromise solution that combines both A4 and Al, emerging as the most
favorable choice.

The top ranking of “infrastructure facilities provision including steady electricity access

(A4)” aligns well with the findings of Olutuase et al. [58] study, which underscores the
crucial role of infrastructure, specifically the uninterrupted electricity supply, in the success
of Nigeria’s MVSCs. This strategy excels in preserving the quality and effectiveness of
medicines and vaccines through effective cold chain management, a critical concern in
MVSCs. However, the inability of “effective implementation of existing policies (Al)” to

meet the condition of “acceptable advantage” suggests that policy improvements alone
may not suffice for achieving the desired impact. Consequently, the need for a combined
approach, involving both A4 and Al, emerges as a promising solution. This finding
resonates with our study’s central theme, emphasizing the multifaceted challenges in
healthcare access and the necessity of adopting comprehensive strategies to enhance access
to medicines and vaccines in Nigeria.

5.3. Sensitivity Analysis

A sensitivity analysis was conducted to test the robustness of the proposed framework
for evaluating the alternative strategies. We varied the VIKOR compromise parameter v
from 0.1 to 0.9 in steps of 0.1 and recomputed the results at each setting. This procedure
examines how changes in v affect the scores and rankings, allowing us to assess the
framework’s stability under different decision-maker preferences. The resulting score
trajectories (S;, R;, and Q;) are presented in Figure 4, and the corresponding rankings of the
alternatives for each v are also shown in Figure 4.

Reading Figure 4, the sensitivity to the VIKOR compromise parameter v reveals
two clear regimes. For v < 0.4 (greater emphasis on minimizing the worst individual
regret), Infrastructure facilities provision including steady electricity access (A4) ranks first,
Improved security (A2) second, Health system reinforcement via appropriate budgetary
grants (A3) third, and Effective implementation of existing policies (A1) fourth. Around
v = 0.5-0.6, the ordering pivots: A4 remains first while Al rises to second. For v > 0.7
(greater emphasis on group utility), A1 becomes the top alternative and A4 moves to second,
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Score

with A2 consistently third and A3 fourth across the upper half of the range. In short, the
policy-focused Al dominates when aggregate benefit is prioritized, the infrastructure-

focused A4 leads when conservatism toward worst-case outcomes is stronger, and A2/A3
show relatively stable but lower positions throughout.

W AL - Effective implementation of existing policies
mm A2 - Improved security

W A3 - Health system reinforcement via appropriate budgetary grants
A4 - Infrastructure facilities provision including steady electricity access
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Figure 4. Results of sensitivity analysis.

5.4. Comparative Analysis

In this subsection, to assess the robustness of our findings and compare them with
alternative approaches, a validation analysis was conducted using Technique for Order
Preference by Similarity to Ideal Solution equipped with FFNs (FF-TOPSIS) and Simple
Additive Weighting equipped with FFNs (FF-SAW) methods. The ranking results obtained
from these methods, along with the initial FF-VIKOR rankings, are presented in Table 9.
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Table 9. Comparative analysis result.

Alternative FF-VIKOR FF-TOPSIS FF-SAW
Al 2 1 1
A2 3 4 3
A3 4 3 4
A4 1 2 2

However, the positioning of Al (effective policy implementation) across the different
methods provides additional insight into its importance. While FF-VIKOR ranked Al s,
both FF-TOPSIS and FF-SAW positioned it as the most suitable alternative. This difference
may stem from the structural variations of the methods. Nevertheless, the fact that Al and
A4 consistently occupy the top two positions across all methods indicates their significance
in improving MVSC access.

As previously discussed, the compromise solution combining Al and A4 emerges
as the most effective strategy. This comparative analysis further supports the idea that
infrastructure improvements (A4) must be complemented by effective policy measures (A1)
to achieve the best results.

Additionally, the ranking stability of A2 and A3 across all methods supports the
conclusion that these alternatives are relatively less effective compared to Al and A4. In
particular, A3 consistently occupies the lowest rank, indicating that it is the least favorable
strategy for improving MVSC access.

The validation analysis confirms the robustness of the initial findings, emphasizing
that a combined strategy integrating A4 (infrastructure investment) and Al (policy imple-
mentation) remains the most optimal approach. This aligns with our earlier conclusion
that achieving sustainable improvements in MVSCs requires both physical infrastructure
enhancements and effective governance frameworks.

This comparative analysis sheds light on the relative advantages and disadvantages
of the FF-VIKOR algorithm, in addition to confirming the consistency of the rankings. A
notable advantage of FF-VIKOR is its ability to handle uncertainty through FFSs. This pro-
vides a more nuanced representation of imprecision compared to classical or less advanced
fuzzy techniques. Furthermore, in multi-criteria decision contexts such as MVSCs, where
trade-offs between competing criteria are inevitable, its focus on compromise solutions is
particularly valuable. However, the complexity of the method may be higher than that of
simpler approaches such as FE-TOPSIS and FF-SAW. This may pose challenges in terms
of parameter selection and computational complexity. In addition, FF-VIKOR's reliance
on threshold-based trade-offs may require more in-depth domain expertise for effective
interpretation of its results. Overall, the comparison highlights that FF-VIKOR provides a
robust framework for identifying compromise solutions in complex, fuzzy environments.

In addition to ranking consistency, the use of FF-TOPSIS and FF-SAW also offers
perspective on computational efficiency. FF-SAW is computationally the simplest method
among the three, as it relies on weighted summation of normalized performance values
and does not require iterative optimization or pairwise comparison structures. FF-TOPSIS
remains relatively light as well: although it involves calculating distances to fuzzy positive
and negative ideal solutions, the procedure is direct and scales linearly with the number
of criteria and alternatives. By contrast, FF-VIKOR requires additional steps such as
computing the group utility (S;), individual regret (R;), and the compromise measure (Q;),
followed by acceptability and stability checks.

The combined insights from the sensitivity and comparative analyses provide strong
evidence of the computational stability and robustness of the proposed FE-SWARA and
FE-VIKOR framework. The sensitivity analysis demonstrated that the ranking of alter-
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natives remained consistent across varying values of the VIKOR compromise parameter
v, confirming the model’s low susceptibility to minor parameter changes. Similarly, the
comparative analysis using FF-TOPSIS and FF-SAW yielded nearly identical ranking pat-
terns, reinforcing the reliability of the results. Although methodological differences among
these techniques introduce slight variations in ranking positions—such as the interchange
between Al and A4—the overall consistency across all methods underscores the robustness
of the decision-making framework. These findings collectively validate that the proposed
FF-SWARA and FF-VIKOR approach maintains strong computational reliability, effec-
tively manages uncertainty, and ensures credible, stable decision outcomes under varying
analytical conditions.

5.5. Investigating Policy Robustness Through Game Theory

To strengthen the robustness and policy relevance of the decision-making process, we
extend the baseline analysis by incorporating multiple strategic weighting scenarios. While
the initial case study (denoted as S;) relies on expert-elicited judgments to determine the
weights of the eight main criteria and their sub-criteria, governments may prioritize these
dimensions differently depending on their strategic orientation. To capture such hetero-
geneity in decision priorities, we introduce five additional weighting schemes (S, — Ss)
that reflect plausible state strategies:

S1—Case study (Expert-Based Weights): This baseline scenario represents the status
quo, where weights are derived directly from expert elicitation. In this setting, the eight
main criteria and their sub-criteria are prioritized according to the real-world judgments
of practitioners with extensive experience in medicine and vaccine supply chains. This
scenario anchors the analysis by reflecting how decision-makers currently perceive the
importance of different challenges in practice.

Sp,—Cost-Focused Strategy: In this scenario, financial constraints and budget efficiency
are treated as paramount. Criteria such as inadequate funding for vaccine supply (C22),
lack of financial resources (C21), and frequent stock-outs (C61, C63, C64) receive dispropor-
tionately high weights. Technical and infrastructure factors remain relevant but secondary,
while human resource-related aspects are deprioritized. This weighting scheme reflects the
conditions of states operating under strict budgetary limitations.

S3—Infrastructure and Technology-Driven Strategy: This scenario emphasizes techni-
cal robustness and infrastructure development, recognizing that physical bottlenecks often
undermine supply chain resilience. Cold chain reliability (C75), storage facilities (C51-C53),
stable electricity and power systems (C76), and transportation delays (C31-C34) are heavily
weighted. While financial and governance issues are not ignored, they are considered less
pressing relative to the urgent need for infrastructural reinforcement.

S4 —Human Capital and Capacity Development Strategy: Here, the highest priority
is given to workforce availability, skills, and institutional capacity. Challenges such as
inadequate personnel (C13), lack of support for logistics staff (C12), and systemic human
resource shortages (C14) dominate the weighting distribution. Infrastructure and financial
concerns receive considerably less emphasis. This scenario simulates contexts where
policymakers seek long-term improvements by investing in people rather than short-term
infrastructure fixes.

S5 —Governance-Oriented Strategy: In this strategy, the focus shifts to regulatory
quality, policy enforcement, and data-driven decision-making. Sub-criteria such as non-
adherence to policies (C43), inadequate policy implementation (C41-C42), and poor data
management and reliability (C82-C86) receive the largest share of weights. Human resource,
infrastructure, and financial aspects are assigned relatively lower importance. This scenario
reflects states aiming to strengthen institutional effectiveness and transparency.
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S¢—Balanced/Inclusive Strategy: Finally, in this scenario, all criteria are treated
equally, with weights distributed uniformly across the 35 sub-criteria. This approach
avoids privileging any single dimension and represents a neutral standpoint where decision-
makers consider all possible challenges. It serves as a robustness check, testing whether the
ranking of policy alternatives remains stable when no clear strategic bias is imposed.

For each scenario, criteria weights were generated through a Monte Carlo Dirichlet-
based simulation, which allows the assignment of stochastic, yet strategically biased dis-
tributions aligned with the logic of each state priority. This procedure ensures that the
sum of weights across all sub-criteria equals one, while systematically shifting emphasis
toward the categories most aligned with the strategic focus. The resulting distributions
of criteria weights across scenarios are presented in Figure 5, which illustrates how the
relative importance of challenges changes depending on the state’s strategic orientation.
The figure highlights how the relative importance of criteria shifts depending on whether
the focus is on cost, infrastructure and technology, human capital, governance, or balanced
priorities. These differentiated weighting schemes serve as inputs to the VIKOR evaluation,
producing scenario-specific policy rankings. In the subsequent step, these results are used
to construct a game-theoretic payoff matrix, enabling the identification of the most robust
policy alternative under diverse government strategies. The game-theoretic payoff matrix,

constructed based on VIKOR scores derived from the scenario-specific weighting schemes
(S1 — Sg), is reported in Table 10.

C11
C12
C13
C14
C15
C21

Figure 5. Distribution of sub-criteria weights across scenarios (51 — Sg).

Table 10. Payoff matrix (P) constructed from scenario-specific VIKOR indices.

Alternative Qs, Qs, Qs, Qs, Qs, Qs,
Al —0.5000 —0.244 —0.229 —0.301 —0.000 —0.000
A2 —0.5082 —0.248 —0.723 —0.827 —0.659 —0.434
A3 —0.6378 —0.816 —0.879 —0.710 —0.869 —1.000
A4 —0.3289 —0.887 —0.401 —-0.127 —0.470 —0.390

Now, we model the interaction between state priorities and policy alternatives as a
zero-sum game. The row player is the strategic weighting S;, and the column player is the
policy alternative Table 10 presents the payoff matrix derived from the scenario-specific
VIKOR results.
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In this study, the saddle point is identified (e.g., maximin # minimax), mixed-strategy
probabilities are investigated; therefore, for both the row player and the column player,
linear programming models are established and solved in GAMS 51 Cplex Solver package.
The corresponding equilibrium strategies together with the game value are reported in
Table 11. Table 11 summarizes the equilibrium of the zero-sum game constructed from
scenario-specific VIKOR payoffs. The table reports the game value, the guaranteed VIKOR
level, and the optimal mixed strategies of both the scenario (column) player and the policy
(row) player.

Table 11. Equilibrium value and mixed strategies of the zero-sum game.

Indicator Value
Game value ¢+* —-0.446196
Guaranteed VIKOR level Qgyaranteed = —¢* 0.446196
Row player (Policies) optimal mix z* 51:0.790 S5 : 0.210 S3 — S¢ : 0.000
Column player (Scenarios) optimal mix z* Aq:0.686 Ay :0.314 A, — A3 :0.000

Note: P = —Q so larger payoff is better for the policy player; »* is the equilibrium payoff. The guaranteed VIKOR
level is the worst-case compromise index the optimal policy mix can ensure.

The analysis indicates that no pure (saddle-point) equilibrium exists; instead, the
solution is mixed for both players. The adversarial scenario mixture assigns nearly all
probability to S1 (79%) with residual weight on S, (21%), which are the binding scenarios
that determine the game value. On the other side, the robust policy mixture distributes
probability mass between A; (68.6%) and Ay (31.4%), while A, and A3 drop out of the
support set as their constraints are slack at optimum. The guaranteed performance for the
decision maker is Q < 0.446, irrespective of which strategy priority (S; — S¢) materializes.
Any deviation from the equilibrium policy mix 2* can be exploited by the row player to
increase the compromise index beyond this guaranteed level.

6. Findings and Discussion

After a comprehensive review of existing literature and consultations with experts,
it is evident that several challenges hinder the establishment of sustainable MVSCs. Five
primary challenges have been pinpointed that have the potential to render these SCs unsus-
tainable. To gauge the significance of these challenges, the FE-SWARA approach has been
employed to establish the criteria values. The results indicate that experts have identified
“interruption of drug supplies” as the most significant challenge, giving it a weight of 0.0465.
This strong emphasis aligns with the observations made by Faiva et al. [122], who high-
lighted several factors lead to the shortage of drugs in Nigeria. They noted that along with
imported finished pharmaceutical products, there has been a notable growth in both whole-
sale and retail pharmacy businesses. Simultaneously, the expansion in local pharmaceutical
manufacturing exists, which requires meeting stringent industrial standards for raw mate-
rials, drug formulation processes, equipment, and production environments. Moreover,
the dominance of multinational pharmaceutical companies in the global pharmaceutical
market has led to unfair competition between imported products and locally manufactured
medicines. The necessity to normalize numerous circulating herbal medicines and the
country’s struggle to effectively utilize research findings from its scientists have resulted
in a brain drain of scientific talent to foreign laboratories. Additionally, the government’s
inadequacies in regulating illegal importation, production, adulterated, substandard, and
expired pharmaceutical products, often facilitated by dishonest drug dealers and corrupt
officials, have exacerbated the issue. The ineffectiveness in R&D due to insufficient support
has contributed to the shortage of drugs at the national level. Hence, the federal govern-
ment must eliminate barriers in the importation of pharmaceuticals and develop alternative
effective strategies to safeguard Nigeria from potential disruptions in the supply of essential
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drugs. This entails optimizing the efficiency of public pharmaceutical supply by leveraging
the strengths of the public sector while introducing greater adaptability and competition.
Following interruptions in drug supplies, the next most significant challenge is the poor
funding for MVSC. As per Sarley et al. [82], inadequate funding for the distribution of
vaccines represents some of the most prominent challenges in Nigeria’s MVSC. Their study
documented the extensive efforts at the federal level to transform MVSCs and specifically
highlighted collaborative work at the state level. They underscored the significance of
adopting a comprehensive end-to-end approach and addressing the fundamental causes
of system underperformance. Despite achieving impressive results, they noted that states
have difficulty for funding straight deliveries. Therefore, it is recommended to diversify
funding through partnerships establishment and donor coordination improvement. The
third most crucial issue concerns the loss of potency of cold chain medical supplies. This
aligns with research by Ojo et al. [123], suggesting that the main reason for reduced ef-
fectiveness in medicines and vaccines is not their expiration date, but rather poor and
delayed handling. They stress that temperature-sensitive pharmaceuticals are perishable
and need to be stored and distributed in controlled environments. To maintain vaccines
and medicines at their best effectiveness, it is essential to exercise the utmost care in han-
dling practices at every step of the cold chain. Furthermore, it is advisable to expedite the
movement of vaccines and medicines within the SC and use them well before their expiry
dates. Given the frequent power failures despite the presence of backup generators, it is
also suggested to include in WHO criteria the maintenance of records for power outage
durations, generator running times, and a comprehensive log of fuel consumption. Contin-
uous training is additionally recommended to enhance the attitudes of vaccination staff
and improve vaccine handling.

This study identifies the lack of human resources as the fourth most significant chal-
lenge, which is consistent with Olutuase et al. [58] study’s which highlight the issue in
Nigeria’s medicine SC. To address this shortage in Nigeria’s MVSCs, a comprehensive
approach is essential. This strategy begins with investments in education and training
programs to develop a skilled workforce proficient in pharmaceutical SC management. Col-
laboration with educational institutions can facilitate the creation of specialized courses and
certifications in logistics. Capacity-building initiatives, including workshops and on-the-job
training, are vital for enhancing the skills of existing healthcare and SC professionals. To
attract and retain talent, competitive compensation packages and opportunities for career
advancement within the SC sector should be provided. Leveraging public—private partner-
ships can tap into external expertise and resources to optimize SC efficiency. The use of
technology and data analytics for streamlined operations is equally crucial. Additionally;,
decentralizing responsibilities, cross-training, implementing incentives and recognition
programs, and fostering international collaboration and data-driven research are all inte-
gral components of a comprehensive strategy to fortify the SC workforce and ensure the
dependable distribution of medicines and vaccines throughout Nigeria.

Damaged products and packages are the fifth most significant challenge. This aligns
with research by Raju et al. [124] noting that product and package damage during trans-
portation, storage, or retail display often stems from poor packaging quality. Establishing a
robust packaging strategy is essential for SC effectiveness. An effective packaging design
seeks to minimize materials used while still providing necessary protection and support
during transit.

The results obtained through the application of a two-stage FF-oriented methodology,
which integrates the SWARA approach and the VIKOR technique, underscore the critical
factors influencing the efficiency of Nigeria’s MVSC. These findings emphasize the signifi-
cance of both implementing existing policies and developing essential infrastructure, with
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a particular focus on ensuring a reliable electricity supply. To achieve these objectives, a
multifaceted approach is imperative. Effective policy implementation necessitates strict ad-
herence to regulatory requirements, transparent practices, the cultivation of public—private
partnerships, optimization of inventory management, and the maintenance of the cold
chain for vaccines. Concurrently, infrastructure development entails improvements in
transportation and logistics, the establishment of well-equipped warehouses, the adoption
of advanced information technology systems, and the enhancement of security measures.
Ensuring a consistent electricity supply is a foundational requirement, which involves
improvements in both power generation and distribution, as well as the implementation
of backup power solutions such as generators and solar energy. Continuous monitoring
and evaluation, conducted through audits and data-driven decision-making, community
engagement, emergency response planning, and resource mobilization for funding, further
bolster this comprehensive strategy. The overarching goal is to guarantee the continued
accessibility and high quality of medicines and vaccines, thereby contributing significantly
to the enhancement of public health outcomes in Nigeria. Effective collaboration among all
stakeholders is essential for surmounting challenges and translating these improvements
into tangible, real-world results.

Managerial Insights

The study’s findings provide several actionable insights for healthcare policymakers
and industry professionals in Nigeria:

o  Policy reforms and system strengthening

e  Remove barriers in pharmaceutical importation.
e  Develop alternative strategies to ensure a steady supply of essential drugs.
e  Diversify funding sources and improve donor coordination.

o  Cold chain and quality assurance

e  Emphasize careful handling throughout the cold chain.

e  Implement stricter monitoring of power outages, generator usage, and fuel
consumption.

e  Adopt robust packaging strategies to minimize product and package damage.

o Human resources and capacity building

e  Invest in education and training programs to nurture a skilled pharmaceutical
supply chain workforce.

o Develop specialized courses, certifications, and on-the-job training for logistics
and SC professionals.

e  Provide competitive compensation and career development opportunities to
attract and retain talent.

o  Strategic robustness from game-theoretic analysis

e  No pure saddle-point solution exists; instead, a mixed strategy emerges as the
most robust option.

e Al (Effective Implementation of Existing Policies) is the backbone of a re-
silient policy.

e A4 (Strengthening Distribution and Storage Systems) complements Al to hedge
against shifts between S; and S,.

° If Sy is more likely, emphasis should tilt toward Al; if S; dominates, the share of
A4 gains strategic importance.
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7. Conclusions and Further Recommendations

This study emphasizes the significance of prioritizing the critical factors in MVSC
strategies. It represents a significant milestone in addressing and resolving the challenges
associated with assessing these systems and the policies required to overcome them in
Nigeria. In this study, 35 challenges affecting MVSCs were identified and organized into
eight main groups, based on a comprehensive literature review and expert validation.
Furthermore, four strategic alternatives were introduced to strengthen MVSCs, offering
practical solutions aimed at improving system resilience. Although the study relied on the
judgments of seven experts, careful attention was paid to ensure diversity among their
professional backgrounds, including representatives from academia, public institutions,
and the private sector. This diversity mitigated the potential biases that might arise from
a limited sample. Moreover, the aggregation of expert opinions through the Fermatean
fuzzy environment helped reduce the influence of individual subjectivity by capturing
hesitation and uncertainty in linguistic assessments. Nevertheless, future studies could
expand the expert panel size or apply Delphi-based consensus methods to further validate
and generalize the findings.

An innovative three-stage framework was proposed, integrating FF logic with SWARA,
VIKOR, and a policy-oriented game-theoretic layer. The fuzzy MCDM stages provided
a structured and practical approach for addressing complex real-world decision-making
challenges, while the game-theoretic layer enhanced robustness by evaluating policy per-
formance under different strategic weighting scenarios. The most pressing challenges
identified include the interruption of drug supplies, poor funding for MVSCs, the loss of
potency in cold chain medical supplies, lack of human resources, and damage to products
and packaging. Among the proposed strategies, the implementation of existing policies
and the development of essential infrastructure, with a particular emphasis on ensuring a
reliable electricity supply, emerged as the most appropriate approaches for mitigating these
challenges. The game-theoretic analysis further revealed that no pure equilibrium exists; in-
stead, a mixed strategy involving the effective implementation of existing policies (A1) and
the strengthening of distribution and storage systems (A4) provides the most robust policy
mix, ensuring resilience under adversarial or shifting state priorities. While this study has
certainly made valuable contributions, it is important to acknowledge its limitations. Firstly,
the research was conducted at a national level without accounting for Nigeria’s regional,
rural, and urban diversity in healthcare infrastructure and service delivery, which may limit
the generalizability of the findings. Secondly, only a limited number of domain experts
were involved in the data collection process. Although these experts were selected based on
relevant qualifications and experience in public health and supply chain management, the
sample may not fully represent the broader spectrum of stakeholders involved in MVSC
systems across the country. Thirdly, although the methodological framework proposed has
been rigorously developed and theoretically validated, it has not yet been tested through
real-time, on-field application due to time and resource constraints.

The proposed hybrid equilibrium policy mix, Al (effective implementation of existing
policies) and A4 (infrastructure provision with steady electricity), directly advances SDG
3 by reducing stockouts, preserving cold-chain potency, and improving timely access to
essential medicines and vaccines. It also supports SDG 9 through reliable energy, storage
and transport capacity, and improved digital traceability, which together enable resilient
and innovative health logistics. Coupling governance quality with reliable physical and
digital infrastructure creates a robust socio-technical system that is effective in the short
term and sustainable in the long term. This mix offers clear policy levers and measurable
targets such as stockout rates, vaccine wastage, delivery lead times, and cold-chain uptime
for monitoring SDG progress.
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Consequently, future research is encouraged to conduct practical field studies to empir-
ically validate the proposed model’s effectiveness and refine its applicability. Moreover, the
existing multi-criteria and game-theoretic framework holds promise for further expansion
to address additional decision-making challenges, such as evaluating long-term sustain-
ability, minimizing transportation-related carbon emissions, and incorporating dynamic
policy adjustments under real-time uncertainty. These limitations and potential areas for
extension present valuable opportunities for future research and practical implementation
of the proposed methodology.
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