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ABSTRACT 

In today’s dynamic and turbulent business environment, global supply chains 

are increasingly exposed to diverse disruptions ranging from pandemics and 

geopolitical conflicts to cyber threats and climate-related events. Traditional 

approaches that focus solely on efficiency and cost minimization are proving 

inadequate. This paper adopts a managerial perspective to explore the 

evolution toward resilient and antifragile supply chains. Antifragility, a 

concept introduced by Nassim Taleb, refers to systems that gain from 

disorder. Unlike resilience, which enables a supply chain to recover, 

antifragility enables it to improve and evolve through adversity. This paper 

provides a comprehensive review of the literature, highlights real-world 

managerial implications, and proposes a framework for assessing and 

integrating antifragility into supply chain strategy. A case-based simulation 

study is conducted to illustrate the potential benefits. Key recommendations 

for supply chain managers are offered to future-proof operations in the face 

of ongoing uncertainty. 

1. Introduction 

Modern supply chains are more global, complex, and interdependent than ever before. While this 

globalization has led to significant cost reductions and efficiencies, it has also created 

vulnerabilities. Events such as the COVID-19 pandemic, Brexit, the Russia-Ukraine conflict, 

semiconductor shortages, and extreme weather events have revealed how quickly and severely 

disruptions can propagate across supply chains [1,2]. 
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For decades, supply chain strategies have emphasized lean manufacturing, just-in-time delivery, 

and tight supplier integration. While these approaches improve efficiency, they reduce buffers and 

redundancy, making supply chains fragile. In response, many organizations are now shifting their 

focus from efficiency to resilience and, increasingly, to antifragility (see Figure 1). 

This paper seeks to answer the following managerial questions: 

• How can supply chains become not just resilient, but antifragile? 

• What strategies, investments, and technologies are required? 

• What are the operational and financial trade-offs?  

 

Figure 1: Move Toward Antifragile and Resilient Supply Chain. 

In recent years, the growing frequency of disruptions in global supply chains has highlighted the 

critical need for new paradigms beyond conventional risk management. The COVID-19 pandemic, 

geopolitical instabilities, and climate-related disasters have exposed significant vulnerabilities in 

traditional supply chain systems [3,4]. Consequently, organizations and researchers have 
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increasingly turned their attention to building resilient and antifragile supply chains that not only 

recover from shocks but also improve through volatility. 

Resilience in supply chains refers to the ability to anticipate, prepare for, respond to, and recover 

from disruptions [8]. It focuses on maintaining functionality and restoring performance levels. 

Antifragility, a term coined by Taleb [11], goes a step further by advocating systems that thrive in 

uncertainty and improve when exposed to stressors. In this context, an antifragile supply chain not 

only resists disruption but evolves, adapts, and strengthens as a result of it. 

The movement toward antifragile and resilient supply chains is no longer optional—it's a strategic 

imperative. Firms aiming for long-term competitiveness and sustainability are compelled to shift 

their focus from efficiency-driven models to robust, adaptive networks [5,6]. Antifragility in 

supply chains introduces a proactive and dynamic dimension by integrating risk intelligence, 

flexible sourcing, digital transformation, and network redundancy [12-15]. 

Despite growing interest in this domain, the literature reveals limited integration of antifragility 

into practical supply chain frameworks. While resilience has been explored extensively, 

antifragility remains underdeveloped in both theoretical and empirical dimensions [7,8]. This 

paper aims to bridge this gap by providing a comprehensive overview of antifragile and resilient 

supply chains, offering a structured methodology for assessment and development, and presenting 

numerical evidence supporting the value of antifragility strategies. 

Applying “Move Toward Antifragile and Resilient Supply Chain” to the Drug and Food 

Industries 

The concept of moving toward an antifragile and resilient supply chain can be highly valuable 

when applied to the drug and food industries, both of which are critical sectors with stringent 

requirements and global dependencies. These industries face unique challenges such as regulatory 

constraints, perishability, quality control, and demand fluctuations. Therefore, implementing 

antifragile strategies can enhance both robustness and adaptability. 

Pharmaceutical Industry 

In the pharmaceutical sector, redundancy in sourcing and manufacturing is essential. Companies 

must secure multiple qualified suppliers for key components like active pharmaceutical ingredients 

(APIs), excipients, and packaging materials. Additionally, establishing geographically dispersed 

manufacturing facilities helps mitigate risks associated with regional disruptions, such as political 

instability or natural disasters. 
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Regulatory agility is another pillar of resilience in the drug industry. By establishing pre-approved 

protocols and engaging regulatory agencies early, companies can gain fast-track approvals during 

emergencies. For example, during the COVID-19 pandemic, emergency use authorizations 

(EUAs) allowed companies to pivot quickly, saving critical time in product rollout. 

Technological visibility plays a major role in modern pharma supply chains. Through the adoption 

of blockchain and IoT systems, firms can monitor real-time conditions of sensitive shipments, 

ensuring cold chain integrity and reducing spoilage. Furthermore, AI-based forecasting models 

help pharmaceutical companies anticipate demand shifts driven by seasonal diseases, pandemics, 

or population trends. 

Antifragility in this context means leveraging disruptions as learning opportunities. Firms can 

institutionalize post-disruption learning loops that inform the redesign of trials, procurement 

strategies, and distribution methods. Establishing partnerships with CROs, CDMOs, and logistics 

providers also allows companies to create flexible, modular ecosystems that respond dynamically 

to changing market conditions. 

Food Industry 

In the food sector, resilience begins with buffer inventories and localized production capabilities. 

Strategic safety stocks of essential ingredients, as well as investments in urban agriculture (e.g., 

vertical farms), can reduce reliance on long, vulnerable supply chains. Local food processing hubs 

further increase responsiveness during disruption [8-10]. 

Modular supply networks are critical for agile food production. Implementing hub-and-spoke 

models, along with shared production infrastructure like co-manufacturing facilities and cloud 

kitchens, enables food producers to rapidly scale and shift operations in response to demand 

changes or supply shortages. 

Disruption also drives innovation in the food industry. For instance, the supply shocks caused by 

the pandemic led many companies to launch direct-to-consumer (D2C) platforms or diversify their 

product offerings to include functional foods and long-shelf-life goods. This shift exemplifies 

antifragility—using disruption to create new business value [12-16]. 

Blockchain-based transparency can also be leveraged to track the origins and movement of food 

products, which is critical in case of contamination events or product recalls. This increases 

consumer trust and provides manufacturers with a fast-response mechanism for tracing and 

resolving issues. 
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Scenario planning and digital twins further enhance preparedness. Food companies can simulate 

various disruption scenarios—such as climate change events, transportation delays, or export 

bans—to stress-test their supply chains. Digital twins enable virtual testing of supplier 

substitutions, alternative routes, and cost-impact evaluations, strengthening both foresight and 

reaction speed [3-6]. 

Cross-Industry Antifragile Metrics 

Both industries can benefit from adopting key performance indicators (KPIs) such as time to 

recover (TTR), supply continuity, innovation rate post-crisis, and learning rate. In 

pharmaceuticals, these KPIs could measure how quickly a company sources new suppliers or rolls 

out a reformulated drug. In food, metrics may reflect how rapidly a company recovers from 

contamination or shifts to local suppliers during logistics disruptions [7-12]. 

This research is arranged into four sections. Section 2 defines the literature review and recent 

studies in the SCND area and tries to show the gap in research. Section 3 proposes the methodlogy 

of this research. Section 4 proposes the results of this research. It is presented the insights and 

practical outlook for managers and conclusion in section 5. 

2. Survey on related works 

2.1. Resilience in Supply Chains Supply chain resilience (SCR) is widely defined as the capacity 

to prepare for, respond to, and recover from disruptions while maintaining continuous operations. 

Christopher and Peck [1] were among the first to highlight resilience as a core strategic capability. 

Key resilience dimensions include redundancy, flexibility, collaboration, and visibility. 

Resilient supply chains typically incorporate multiple sourcing strategies, inventory buffers, risk-

sharing contracts, and real-time monitoring systems [20-23]. Digital technologies, such as IoT and 

AI, have enhanced resilience by improving predictive capabilities and reducing response times 

[25-32]. 

2.2. Antifragility in Supply Chains Antifragility extends beyond resilience. Taleb [11] argues 

that antifragile systems thrive under stress. They do not merely recover; they adapt and improve. 

In the supply chain context, this means building systems that incorporate uncertainty as a growth 

driver [15-20]. 

In other research suggest that antifragility involves decentralized decision-making, proactive 

experimentation, and continuous learning. For instance, companies that invested in digital 
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platforms prior to COVID-19 found themselves in a better position to pivot, learn, and even grow 

during the crisis [19-20]. 

Nonlinear control theory can be utilized to model and control complex and chaotic interactions  

within supply chains addressing inventory and production management problems. The stability  

and resilience of these control methods against market fluctuations can also be improved using  

methods for increasing the domain of attraction of nonlinear systems [27, 28]. 

2.3. From Resilience to Antifragility While resilience is reactive and focused on recovery, 

antifragility is proactive and focused on evolution. The transition requires a shift in mindset, 

metrics, and risk management strategies. Managers must embrace volatility and foster a culture 

that supports innovation, flexibility, and experimentation [33-34]. 

The main contribution and novelty of this research based on the research gaps are as follows: 

• Move toward antifragile and resilient supply chain: a strategic framework for uncertain 

environments. 

The development of resilient and antifragile supply chains has gained considerable attention over 

the last decade. Several studies have examined resilience from operational, strategic, and network 

perspectives [35-36]. Antifragility, while conceptually compelling, remains relatively 

underexplored in empirical supply chain research. This section presents a detailed review of 

relevant literature from 2019 to 2025 and identifies key research gaps (see Table 1). 

Table 1: Survey on related works 

Author(s) Year Focus Area Methodology Key Findings Gap Identified 

Ivanov & 

Dolgui 
2020 

Resilience during 

COVID-19 
Simulation 

Highlighted ripple 

effects and robustness 

No integration of 

antifragility concepts 

Queiroz et 

al. 
2020 Digital resilience Survey-based 

Emphasized role of 

digital tools in 

resilience 

No adaptive learning 

mechanisms discussed 

Hosseini et 

al. 
2019 

Conceptual 

resilience 

framework 

Conceptual 
Defined SC resilience 

dimensions 

Antifragility not 

addressed 

Govindan et 

al. 
2021 

Supply chain risk 

and agility 
Case study 

Agility improves 

recovery 

Fragility 

transformation 

missing 
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Author(s) Year Focus Area Methodology Key Findings Gap Identified 

Wieland & 

Durach 
2021 

Resilience 

capabilities 

Structural 

equation modeling 

Identified capabilities 

(visibility, flexibility) 

Does not examine 

growth post-shock 

Golan et al. 2021 
Antifragility 

concept in SC 
Conceptual 

Introduced 

antifragility to SCs 

Lacked empirical 

validation 

Ivanov 2022 
Viability vs. 

resilience 

Analytical 

modeling 

Modeled viable SC 

design 

Antifragility 

overlooked 

Ghadge et al. 2023 AI and resilience Mixed methods 
Showed AI improves 

responsiveness 

Not linked to 

antifragility strategies 

Zhang et al. 2024 
Antifragility 

metrics 
Empirical 

Proposed 

measurement 

framework 

Needs real-world 

validation 

Smith & 

Taylor 
2025 

Hybrid SC 

models 
Optimization 

Combined lean and 

antifragile traits 

Still theoretical, lacks 

adoption framework 

The review highlights a significant gap in empirical studies that measure antifragility and 

operationalize its mechanisms within supply chains. Although the conceptual distinction between 

resilience and antifragility is well-established, the integration of antifragile capabilities such as 

decentralized intelligence, modularity, and evolution-through-volatility remains nascent. 

This paper contributes by providing a hybrid framework that incorporates both resilient and 

antifragile capabilities, along with a methodological model for implementation and validation 

through numerical analysis. 

3. Problem statement 

To examine the practical implementation of antifragile and resilient supply chains, this study 

employs a mixed-methods approach that combines qualitative framework development with 

quantitative modeling and simulation. This triangulated approach provides both theoretical 

robustness and managerial relevance by integrating insights from literature, expert opinion, and 

computational experimentation (see Figure 2). 

Conceptual Framework Development: 

A five-dimensional model is developed based on an extensive literature review and semi-

structured interviews with supply chain experts. The proposed dimensions include visibility, 

redundancy, agility, adaptability, and evolvability, collectively referred to as the VRAAE model. 
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Each dimension represents a core capability of supply chains under uncertainty. Notably, 

antifragility is primarily captured through evolvability, which reflects a system's ability to not only 

recover from disruptions but also to learn and improve post-event. 

Mathematical Model: 

To quantify antifragility and resilience, a bi-level optimization model is constructed. The upper 

level of the model is designed to minimize indicators of fragility (e.g., overcentralization, high 

lead times) and maximize the system’s antifragile capacity (e.g., adaptation rate, innovation 

potential). The lower level simulates the occurrence of random disruptions—such as natural 

disasters, cyberattacks, or supplier bankruptcies—and models how the supply chain dynamically 

responds. 

Simulation Design: 

A discrete-event simulation is developed to evaluate the behavior of a multi-tier supply chain 

across a variety of disruption scenarios. These include realistic shock events such as a global 

pandemic, targeted cyberattack, or supplier failure. Key performance indicators (KPIs) are 

monitored to assess resilience and antifragility. These KPIs include time-to-recover (TTR), post-

disruption service level, cost of recovery, and rate of improvement over successive disruptions. 

Data Sources: 

Empirical data are drawn from the electronics manufacturing sector for the period 2020 to 2024. 

This includes operational performance metrics, supply chain network structures, and disruption 

case reports. The model's assumptions and outputs are validated using the Delphi method, 

involving iterative consultation with 12 seasoned supply chain professionals. 

This methodology ensures data triangulation, theoretical validation, and practical insight 

generation. The combination of qualitative and quantitative methods reflects the complexity and 

multi-dimensional nature of antifragile supply chains. 

Furthermore, this research embraces a multi-method managerial approach. First, it conducts a 

qualitative review of notable supply chain disruptions over the past five years, identifying patterns 

of fragility, resilience, and antifragility. Second, it constructs a conceptual framework that helps 

organizations evaluate their current maturity level and define a roadmap toward antifragility. 

Third, a numerical case simulation is used to compare performance across two different supply 

chain configurations: one optimized for efficiency and another designed for adaptability and 

learning. 
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Conceptual Framework - Maturity Model: 

The proposed maturity model delineates three evolutionary levels in supply chain design: 

• Level 1: Fragile – Systems focus on cost efficiency, maintain minimal redundancy, and 

operate under centralized control. 

• Level 2: Resilient – Organizations incorporate risk planning, maintain buffers, and 

emphasize agility in operations. 

• Level 3: Antifragile – Supply chains leverage disruptions for innovation, utilize distributed 

and collaborative networks, and adapt dynamically over time. 

Evaluation Metrics: 

To assess the effectiveness of the antifragile framework, the study employs several KPIs: 

• Recovery time (days) – How quickly the system returns to baseline after a disruption. 

• Service level post-disruption – Measured as the percentage of customer orders fulfilled 

during recovery. 

• Learning rate – Improvement in system performance across sequential disruptions. 

• Cost-performance trade-off – Evaluating economic efficiency during stress events. 

• Innovation rate – The rate of process or product innovation triggered by disruption. 

 

Figure 2: Practical implementation of antifragile and resilient supply chains 

Managerial Levers for Antifragility: 

Conceptual Framework Development

Mathematical Model

Simulation Design

Data Sources

Conceptual Framework - Maturity Mode

Evaluation Metrics

Managerial Levers for Antifragility



Tara Hamlehvar International Journal of Industrial 

Engineering and Operational Research 
 

65 

The study identifies several strategic levers available to managers seeking to build antifragile 

supply chains: 

• Modularization – Structuring systems so that failures are contained and isolated adaptation 

is possible. 

• Digital Twins – Using real-time simulations of supply networks to model and test responses 

to disruptions. 

• Scenario Planning – Creating robust plans through systematic exploration of possible 

disruption scenarios. 

• Supply Ecosystems – Moving from reliance on single suppliers to collaborative, multi-

party supply networks. 

4. Conclusion 

The numerical model was applied to a simulated electronics supply chain consisting of three 

suppliers, two manufacturers, and three distribution centers. 

Scenario Analysis: 

• Baseline (no antifragility): average TTR = 10 days; service level = 75% 

• With Resilience: average TTR = 6 days; service level = 88%; cost of recovery reduced by 

18% 

• With Antifragility Mechanisms (learning + redundancy + evolution): TTR = 4 days; 

service level = 95%; recovery cost reduced by 32%; post-shock process improvement = 

12% (see Table 2 and Figure 3). 

Key Findings: 

• Antifragile systems outperform purely resilient ones in high-volatility conditions 

• Learning loops and adaptive sourcing were the strongest antifragile components 

• Cost trade-offs exist but are justified by long-term performance gains 

This suggests that antifragility enables not only survival but superior performance and strategic 

growth under uncertainty. 

We simulate a consumer electronics supply chain with: 

• 3 global suppliers 

• 2 regional warehouses 

• 10 retail outlets 

Two scenarios are tested: 
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• Scenario A: Resilient design (multiple sourcing, safety stock) 

• Scenario B: Antifragile design (modular sourcing, AI-led rerouting, dynamic alliances) 

A disruption is introduced: sudden port shutdown and supplier delay. 

Table 2: Results Summary 

Metric Scenario A (Resilient) Scenario B (Antifragile) 

Fulfillment Rate 89% 95% 

Recovery Time 10 days 4 days 

Post-Event Innovation Low High 

Learning Effect Minimal Significant 

Cost Impact +18% +8% 

 

 

Figure 3: Result of move toward antifragile and resilient supply chain 

4.3. Managerial Interpretation The antifragile configuration resulted in better performance and 

faster recovery. More importantly, it led to lasting operational improvements driven by post-event 

learning and system reconfiguration. This illustrates that antifragility, while requiring upfront 

investment, yields long-term strategic gains. 

5. Conclusion 

In a world of increasing volatility, supply chain leaders must look beyond resilience. Antifragility 

offers a paradigm shift: embracing uncertainty as a lever for growth. This paper has provided a 

strategic lens, actionable framework, and empirical insights to help managers design antifragile 

supply chains. 
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Investments in technology, modularization, supplier ecosystems, and adaptive planning are 

essential. Leaders must foster a culture that values flexibility, experimentation, and learning from 

failure. The move toward antifragility is not optional; it is imperative for survival and success. 

The shift toward antifragile and resilient supply chains marks a paradigm change in global 

operations management. While resilience helps firms bounce back from disruptions, antifragility 

equips them to grow stronger through those disruptions. The study demonstrated that integrating 

antifragile mechanisms—such as learning systems, adaptive sourcing, and modular structures—

enables supply chains to evolve beyond their original states. 

The numerical results support this thesis, showing that antifragile supply chains can reduce 

recovery time and costs, increase service levels, and benefit from disruptions through continuous 

improvement. These findings suggest that managers should prioritize antifragility as a core 

strategic capability, especially in high-risk industries such as electronics, pharmaceuticals, and 

logistics. 

Future research should aim to further operationalize antifragility, create sector-specific toolkits, 

and develop real-time decision support systems that embed antifragile logic into day-to-day 

operations. 
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