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Abstract: As the complexity of supply chains increases, the enhancement of resilience for mitigat-

ing sustainable disruption risks in supply chains is an important issue. Quality function deploy-

ment (QFD) has been successfully applied in many domains to solve multicriteria decision-making 

(MCDM) problems. However, research on developing two houses of quality to connect sustainable 

supply chain disruption risks, resilience capacities, and resilience-enhancing features in elevator 

manufacturing supply chains by using the MCDM approach is lacking. This study aims to develop 

a framework for exploring useful decision-making by integrating the MCDM approach and QFD. 

By applying the framework, supply chain resilience can be improved by identifying the major 

sustainable risks and the key resilience to mitigate these risks. Important managerial insights and 

practical implications are obtained from the framework implementation in a case study of the el-

evator manufacturing industry. To strengthen resilience and thus mitigate key risks, the most ur-

gent tasks are to connect the working site and the backstage to enhance product development and 

design and to share real-time job information. When these features are strengthened, agility, ca-

pacity, and visibility can be improved. Finally, unexpected events lead to changes in supplier de-

livery dates, and factors such as typhoon and lack of critical capacities/skilled employees with the 

greatest impact can be alleviated. This framework will provide an effective and pragmatic ap-

proach for constructing sustainable supply chain risk resilience in the elevator manufacturing in-

dustry.  

Keywords: quality function deployment; multicriteria decision-making; sustainable supply chain; 

risk resilience; elevator manufacturing 

 

1. Introduction 

In today’s global economy, enterprises strive to stay responsive to evolving cus-

tomer demands. Enterprises are obliged to work together in networks instead of com-

peting as isolated entities [1]. In response to international competition and operations, 

manufacturers need to closely cooperate with their suppliers, distributors, and customers 

to construct a robust supply chain system [2]. As a result, manufacturers should design a 

supply chain system to obtain the required production resources and establish strategies 

to operate worldwide [3]. However, this operational strategy will increase the complexity 

of supply chains in terms of coordination and collaboration [4]. The increasing complex-

ity and instability of supply chain systems in the face of risks have a significant negative 

influence on sustainable supply chain performance [5]. Furthermore, incorrect risk 

management can cause serious damage to businesses and lead to increased costs [6,7]. In 

2015, the United Nations put forward the 2030 Agenda for Sustainable Development, 
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which emphasized sustainable development and the role of enterprises in ensuring sus-

tainable production and consumption patterns, namely, the importance of a sustainable 

supply chain (Goal 12, United Nations 2015). Faced with global competition, supply 

chain management academia and practitioners have focused on how to cope with sus-

tainable supply chain disruption risks (SSCDRs) [8]. 

To overcome SSCDRs, resilience is an effective way to manage risks and recover 

from a supply chain disruption [9,10]. To mitigate these risks, resilient supply chains 

must be designed from a multidimensional and multidisciplinary perspective, including 

the preparation of events before they occur; providing an efficient and effective response 

when events occur and capacity to respond to events after they occurred. Resilient sup-

ply chains can return to their original state or to an improved state [11]. Thus, today’s 

enterprises are facing major challenges in terms of how to construct resilient supply 

chains to reduce risks [12,13]. 

Hosseini et al. (2019) proposed the hierarchical structure of a resilient supply chain, 

in which the bottom level is occupied by resilience-enhancing features (RFs), which en-

hance resilience capacities (RCs) [9]. Scholars have proposed the concept of RCs in dif-

ferent fields [14–19]; however, RFs are rarely included [9]. RFs and RCs to SSCDRs are of 

paramount importance to supply chains. However, the interactions between the two 

have not been thoroughly explored [9]. Although perceptible intersections exist between 

resilience and sustainability issues, very few papers have been published [9]. Multicrite-

ria decision-making (MCDM) methods have been applied by researchers to resilient 

supplier problems [20,21], but MCDM methods have not been well-studied in the field of 

resilient supply chains [9]. In recent years, quality function deployment (QFD) has been 

successfully applied in many domains to solve MCDM problems, such as knowledge 

system selection [22], green building assessment [23], bike-sharing program evaluation 

[24], technical attribute prioritization [25], and fashion risk reduction [26]. However, re-

search on developing two houses of quality (HoQs) to connect SSCDRs, RCs, and RFs for 

building the supply chain risk resilience of elevator manufacturing by integrating the 

MCDM approach and QFD is lacking. To address this gap, the present study discusses 

the following research questions. 

(a) What are the key SSCDRs, RCs, and RFs in elevator manufacturing supply chains?  

(b) How can supply chain risk resilience be built through integrative MCDM and QFD 

to provide decision support for elevator manufacturing supply chains?  

(c) How do the relationships between these three sets of variables affect finding feasible 

resilience solutions for mitigating SSCDRs for elevator manufacturing supply 

chains? 

(d) How can elevator manufacturers effectively improve supply chain resilience to ad-

dress SSCDRs through the proposed framework? 

Therefore, the objective of this study is to develop an MCDM-QFD framework for 

elevator manufacturing supply chains (EMSCs) to explore useful resilient decision mak-

ing. By applying the framework, supply chain resilience can be improved by identifying 

the major SSCDRs and the RCs and RFs to mitigate these risks. The aim is also to inves-

tigate the relationships between these three sets of variables (SSCDRs, RCs, and RFs) and 

ultimately to prioritize resilience approaches for EMSCs. One of the largest elevator 

manufacturers in Taiwan is studied to demonstrate the validity of this framework. This 

framework provides managers with a clear idea of where to improve their sustainable 

supply chain resilience in response to their supply chain risks. This study also provides a 

practical contribution for enterprises in implementing resilient supply chains. The busi-

ness and performance of other actors and stakeholders involved in EMSCs are affected by 

resilience level; thus, they will be interested in the results of this study.  

The rest of this study is organized as follows: Section 2 identifies SSCDRs, RCs, and 

RFs from a review of the literature. Section 3 describes the integrated framework. Section 
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4 demonstrates a case implementation and discussion. Finally, Section 5 concludes the 

main contributions and the limitations of the study. 

2. Literature Review 

As an emerging discipline, SSCDRs and resilience have gained more attention re-

cently among researchers. Major resilience directions for future research based on 155 

articles published across 20 international peer-reviewed journals, as classified by Ali and 

Gölgeci (2019), include (1) drivers, barriers, and consequences; (2) moderators and me-

diators; (3) theoretical underpinnings; and (4) research methods [27]. These directions are 

interconnected. The exploration of mechanisms that explicate proposed relationships of 

supply chain resilience with other variables is an area of weakness in the current litera-

ture [28]. Thus, this study draws the link between SSCDRs, RCs, and RFs for EMSCs to 

construct supply chain risk resilience. 

2.1. Sustainable Supply Chain Disruption Risks (SSCDRs)  

Traditional sustainability includes social, environmental, and economic dimensions 

[29]. However, these three dimensions do not address the entire system of an organiza-

tion. Therefore, Iddrisu and Bhattacharyya (2015) propose a five-dimensional sustainable 

development model that takes into account social, environmental, economic, technolog-

ical, and institutional dimensions [30]. Valinejad and Rahmani (2018) used a 

five-dimensional approach to assess risks in the telecommunications sector [31]. Mokta-

dir (2021) also used the five-dimensional method to identify 30 potential risk factors for 

the leather industry in Bangladesh [8].  

Supply chain sustainability ensures the success and improvement of overall supply 

chain management in the long run. To ensure the sustainability of the supply chain, con-

sidering risk management is sufficient [5]. In the modern globalized era, disruption risks 

involved in supply chains cover a wider range and are more complex than before [32,33]. 

There are many studies that focus on risk management to obtain sustainable supply 

chains. To make the concept of risks easier to understand and manage, various scholars 

from different perspectives have proposed different classification methods.    

The study by Mitroff and Alpaslan (2003) classified risks into three categories: nat-

ural disasters, events of vandalism, and human-designed system failures [34]. Christo-

pher and Peck (2004) suggested that risks can be divided into five categories: process risk, 

control risk, supply risk, demand risk, and environmental risk [35]. Norrman and 

Lindroth (2004) and Vanany et al. (2008) categorized risks into three categories: opera-

tional accident risk, operational disaster risk, and strategic uncertainty risk [36,37]. Olson 

and Wu (2010) also classified risks into two categories: external and internal risks. The 

former includes natural risks, political system risks, competitor, and market risks; the 

latter includes available capacity risks, internal operational risks, and information system 

risks [38]. Sawik (2011) categorized risks into disruptive and operational risks. Disruptive 

risks include unplanned outages, unexpected events, and sudden breakdowns of mate-

rial supply, while operational risks occur due to the uncertainty of internal operations 

[39]. Probohudono and Tower (2013) divided risks into five categories: business risk, 

strategic risk, operational risk, market risk, and credit risk [40]. Rangel et al. (2015) sorted 

56 risk types according to existing conceptual similarities and then related to the five 

management processes intrinsic in a functional supply chain (plan, source, make, deliver, 

and return), which are mainly advocated by the supply chain operations reference model 

[41]. Ho et al. (2015) defined two kinds of risks: (i) macro-risks are adverse and relatively 

rare external events that may have strong and negative impacts (e.g., catastrophes such 

as 9/11, Hurricane Katrina, or the Tsunami in 2004). (ii) micro-risks refer to relatively pe-

riodic events, originating from internal activities of companies or relationships within 

partners (e.g., supplier losses or quality problems) [42]. Hudnurkar et al. (2017) classified 

risks into five categories: product characteristics, supply chain processes, supply chain 

infrastructure, external environment, and human resources [43]. Truong Quang and 



Processes 2021, 9, 596 4 of 45 
 

 

Hara (2018) classified risks into four categories: environment, flows of supply chains, 

degree of impact, and probability [44]. Mital et al. (2018) also sorted 17 risk types ac-

cording to five categories: quality risks, cost risks, continuity of supply risks, supplier 

service risks, and buyer–supplier partnership risks [45]. Rostamzadeh et al. (2018) iden-

tified 44 risk types and classified risks into seven categories: environmental risks, organ-

izational risks, supply risks, production/manufacturer risks, distribution risks, recycling 

risks, and information technology-related risks [46]. Abdel-Basset et al. (2019) classified 

risks into two categories: internal risks (managed risks) and external risks (uncontrolled 

risks). The former includes manufacturing risks, business risks, planning and control 

risks, mitigation and contingency risks, and cultural risks; the latter includes demand 

risks, supply risks, environmental risks, business risks, and physical plant risks [33].  

On the basis of the above discussion and a comprehensive review of the literature 

[47–57], 130 risks concerning sustainable risks are listed and selected in this study (Ap-

pendix A). We suggest that SSCDRs can be categorized as follows: (1) external risks: in-

cluding human disasters, operational risks, legal, and political risks, supplier and cus-

tomer risks, environment and natural disasters and market trend risks (6 dimensions and 

62 risks); and (2) internal risks: including physical accident risks, operational risks, per-

sonnel risks, strategic management risks, and information management risks (5 dimen-

sions and 68 risks).  

Given that different scholars have developed many different classifications, risk is 

classified into external and internal risk according to the criteria of whether the risk oc-

curs inside or outside the enterprise. For example, human disasters are external risks. It 

covers 11 risks such as terrorist attacks, intellectual property risks, theft of goods, the 

impact of local events, flight accidents, power supply interruption, gas interruption, ab-

normal external IT equipment, incorrect repair or maintenance of equipment by out-

sourcing manufacturers, cultural and social factors, and incorrect media reports on the 

company. In addition, after analysis, these internal and external risks are all included in a 

five-dimensional sustainable development. Therefore, this study mitigates these SSCDRs 

and builds sustainable supply chains by virtue of resilience. These sustainable risks are 

evaluated in Section 4. 

2.2. Resilience Capacities (RCs)  

The theoretical underpinning pinning of this paper comes from the theory of resili-

ence. The theory of resilience is one way of describing a system’s ability to cope with 

changing circumstances or disruptions. The theory helps to provide an understanding of 

whether a system can return to an equilibrium state after disruption or how a system 

must be transformed into a new desirable system if the change is irreversible [58]. The 

notion of resilience was first proposed by Holling (1973) and used to describe the stability 

of an ecosystem and its response to environmental disturbances [59]. Holling differenti-

ates between two different types of resilience to take the existing understating of resili-

ence into account. The first type is based on the understanding of resilience in materials 

science and is called “engineering resilience”. The second type of resilience is known as 

“ecological resilience” and describes the resilience of complex adaptive systems [58]. The 

theory of resilience can be found in many different fields, especially psychology [60], 

ecology [61], social sciences [62], and environmental science [63], and is being applied to 

the analysis of various systems.  

On the basis of the resilience theory view, resilience considers the response to par-

ticular disruptions, that is, when the event is outside the range of changes and interrup-

tions that the system can handle and the event is an accident [64]. Supply chains may be 

susceptible to a number of risks leading to different types of supply, production, and lo-

gistics disruptions [65]. Resilience plays an important role in supply chain risk manage-

ment. Resilience is generally understood as the supply chain’s ability to withstand dis-

ruptions and recover after disruption [9,11]. Supply chain disruption risks and resilience 
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has been developed as a well-defined area of research and has produced a wealth of ac-

ademic results [66]. 

One of the first studies on supply chain resilience was presented by Fiksel (2003). 

Fiksel (2003) argued that the development of a resilient system is based on comprehen-

sive system thinking, defined as the ability of the system to tolerate interference while 

maintaining its structure and function. Therefore, the basic properties of a resilient sys-

tem are as follows: (1) diversity: there are many forms and behaviors; (2) efficiency: the 

ability to have low consumption of resources; (3) adaptability: flexibility to respond and 

adjust to new pressures; (4) cohesion: the ability to unify or connect systems [67].  

Regarding what capacity should be covered within resilience, different research 

proposals cover different capacities. Reinmoeller and Van Baardwijk (2005) suggested 

that resilience consists of four capacities: adaptability, anticipation, flexibility, and 

knowledge [68]. Pereira (2009) defined resilience as a function of flexibility, agility, visi-

bility, information sharing, and risk awareness [69]. Jüttner and Maklan (2011) proposed 

that RCs can improve flexibility, visibility, velocity, and collaboration [11]. Ponis and 

Koronis (2012) defined RCs that include agility, resilience, velocity, visibility, availability, 

redundancy, resource mobility, collaboration, and supply chain structure knowledge 

[70]. Simangunsong et al. (2012) subdivided RCs into flexibility, agility, capacity, adapt-

ability, collaboration, information sharing, integration, financial strength, supply chain 

design, and risk awareness [71]. Soni et al. (2014) proposed ten enablers of resilience 

properties: agility, collaboration, information sharing, sustainability, risk and revenue 

sharing, trust, visibility, risk management culture, adaptive capacity, and structure [12]. 

Kamalahmadi and Parast (2016) suggested that resilience consists of 11 capacities: agility, 

flexibility, redundancy, velocity, visibility, collaboration, information sharing, financial 

strength, product stewardship, risk awareness, and knowledge [72]. Chowdhury and 

Quaddus (2017) defined resilience as a function of flexibility, capacity, velocity, efficien-

cy, responsiveness, recovery, dispersion, collaboration, market position, information 

sharing, security, financial strength, and product stewardship [73]. Singh et al. (2019) 

subdivided RCs into flexibility, agility, redundancy, velocity, visibility, adaptability, 

collaboration, information sharing, market position, and security [74]. Based on the 

above, scholars believe that resilience has multidimensional capacities.  

On the basis of the above discussion and a comprehensive review of the literature 

[9,69,75–93], this study aggregates 20 RCs, as shown in Table 1. The definitions for the 

chosen RCs are shown in Appendix B. These capacities will be evaluated in Section 4. 
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Table 1. The constituent elements of resilience capacities by scholars. 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) 

Agility ●   ● ●   ●  ●  ●    ● ● ●  ●  ● ● ● ● ● ●  ● ● 
Flexibility ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●  ● ●  ● ● ● ● ● ● ● ● ● ● 

Redundancy ●  ● ●    ●        ●  ●  ●  ● ● ● ● ● ●  ● ● 
Capacity          ● ●  ● ●     ● ● ●      ●    
Velocity ●     ● ● ● ●    ●   ●     ●  ●  ● ●     

Efficiency           ●          ●  ●        
Responsiveness         ●            ● ● ●      ●  

Competence         ●                      
Visibility ●    ● ● ● ● ●  ● ● ● ● ● ● ● ●  ●   ● ● ● ● ● ● ●  

Adaptability  ● ●    ●   ● ● ●        ●   ●   ● ● ●  ● 
Anticipation  ●     ●    ●            ●     ●   

Recovery           ●          ●  ●    ● ● ●  
Dispersion   ● ●       ●          ●  ●        

Collaboration ●  ●   ● ● ● ● ● ● ● ● ● ● ● ● ●  ● ●  ● ● ● ● ●  ● ● 
Market posi-

tion 
        ●  ●         ● ● ● ●   ●  ● ●  

Information 

sharing 
●   ● ●     ●  ●   ● ●    ● ● ●  ●  ● ●    

Security           ●  ●     ●   ● ● ● ●  ●  ●   
Financial 

strength 
         ● ●   ●  ●     ●  ● ●    ●   

Product stew-

ardship 
          ●     ●     ●          

Risk awareness ●    ●     ●  ● ●   ●   ● ●  ● ● ●  ●   ●  
Knowledge ● ●      ●    ●    ● ●  ●     ● ●      

(1) Christopher and Peck (2004) [35]; (2) Reinmoeller and Van Baardwijk (2005) [68]; (3) Sheffi and Rice (2005) [75]; (4) Priya Datta et al. (2007) [76]; (5) Pereira (2009) [69]; 

(6) Jüttner and Maklan (2011) [11]; (7) Carvalho et al. (2012b) [78]; (8) Ponis and Koronis (2012) [70]; (9) Carvalho et al. (2012a) [77]; (10) Simangunsong et al. (2012) [71]; (11) 

Pettit et al. (2013) [79]; (12) Soni et al. (2014) [12]; (13) Rajesh and Ravi (2015) [80]; (14) Wicher et al. (2016) [81]; (15) Rajesh (2016) [82]; (16) Kamalahmadi and Parast (2016) 

[72]; (17) Sahu et al. (2017) [83]; (18) Ali et al. (2017) [84]; (19) Brusset and Teller (2017) [85]; (20) Jain, V. et al. (2017) [86]; (21) Chowdhury and Quaddus (2017) [73]; (22) 

Yazdanparast et al. (2018) [87]; (23) Kochan and Nowicki (2018) [88]; (24) Karl et al. (2018) [89]; (25) Sabahi and Parast (2019) [90]; (26) Singh et al. (2019) [74]; (27) Hosseini, 

S et al. (2019) [9]; (28) López and Ishizaka (2019) [91]; (29) Han et al. (2020) [92]; (30) da Silva Poberschnigg et al. (2020) [93]. 
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2.3. Resilience-Enhancing Features (RFs)  

Hosseini et al. (2019) present a resilience hierarchy for supply chain resilience, as 

illustrated in Figure 1. The bottom layer is occupied by RFs that enhance RCs, such as the 

manufacturer’s surplus stock or having a backup supplier. Identifying RFs helps to better 

understand the resilience of supply chains. The vulnerability and recoverability of a 

supply chain is a function of resilience capacity. The supply chain with higher resilience 

is less vulnerable to disruption and requires less recovery effort. Supply chains that have 

less resilience capacity are more vulnerable and need to work harder to recover. Finally, 

supply chain resilience is located at the top of the hierarchy and is a function of the vul-

nerability and recoverability of the supply chain [9]. 

 

Figure 1. The hierarchy for supply chain resilience (Modified from [9]). 

At present, no unified regulation has been developed on the related terms of resili-

ence among various scholars. For example, some scholars call RFs resilience measures. 

Lam and Bai (2016) developed an original QFD method that connects customer require-

ments, maritime risks, and resilience measures simultaneously [94]. He et al. (2020) in-

corporated the results obtained by the Kano model and DEMATEL into QFD, converted 

customer requirements into risk factors and then into resilience measures [95]. Lücker 

and Seifert (2017) built up resilience in a pharmaceutical supply chain through inventory, 

dual sourcing, and agility capacity [96]. Chen et al. (2020) also established three resilience 

measures in the supply chain, namely, additional inventory, dual sourcing procurement, 

and agility [97]. They then discussed the correlation between the three. Other studies on 

resilience measures include postponement and flexible transport [98], multi-source pro-

curement and safety stocks [99], information sharing between partners [100], robustness 

[101]. 

Some scholars call RFs resilience strategies. To cope with supply chain risks, resili-

ence strategies can enhance the ability of a supply chain to recover after disruption. Re-

silience strategies can be used for emergency risk management of supply and demand 

sides of the supply chain [102]. Different scholars have proposed different strategies for 

resilience. Chopra and Sodh (2004) proposed eight resilience strategies: (1) add capacity, 

(2) add inventory, (3) redundant suppliers, (4) increase responsiveness, (5) increase flex-

ibility, (6) aggregate or pool demand, (7) increase capabilities, and (8) have more cus-
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tomer accounts [103].  Tang (2006) proposed nine resilience strategies: (1) postponement, 

(2) strategic stock, (3) flexible supply base, (4) make and buy, (5) economic supply incen-

tives, (6) flexible transportation, (7) revenue management, (8) dynamic assortment plan-

ning, and (9) silent product rollover [98]. Chowdhury and Quaddus (2015) proposed 

eight resilience strategies: (1) back-up capacity, (2) building relation with buyers and 

suppliers, (3) quality control, (4) skill and efficiency development, (5) ICT adoption, (6) 

demand forecasting, (7) responsiveness to customers, and (8) security system improve-

ment [104]. Other studies on resilience strategies include contingency, sourcing contin-

gency rerouting, and demand switching [105], increasing human resource skills through 

training and cross-skills training [106], change of supply chain management responsibil-

ities, implementing hierarchical management of suppliers, seeking coordinated imple-

mentation of inventory management mode, and improving the pre-risk identification 

system [107]. In addition, the most discussed resilience strategies in supply chains are 

alternative markets, capacity extensions, and flexible allocations or flexible rerouting 

strategies [102,108–113].  

Given that RFs are concrete measures to improve RCs, the meaning of RCs is diffi-

cult for decision-makers to understand. Furthermore, because this study requires deci-

sion-makers to understand the specific measures to enhance RCs, specific RFs must be 

identified first. On the basis of actual demand, the case company’s experts were inter-

viewed on how RFs could enhance RCs. This study lists 22 explored RFs that the case 

company plans to adopt in this study. These features will be evaluated in Section 4. 

2.4. Integrating Resilience and Sustainability for Supply Chain 

The term resilience is often used in conjunction with terms such as sustainability. 

Resilience is focused on the response of a system to persistent stress or extreme disturb-

ances. In contrast, sustainability is focused on the quality of life for present and future 

generations with respect to social, economic, and environmental factors [58]. Research on 

supply chain management supports the analysis of the relationship between resilience 

and sustainability [114]. Marchese et al. (2018) argue that resilience analysis is a necessary 

prerequisite for achieving sustainability. They believe that the activities of the firm are 

sustainable on the condition that the core activities are resilient to destructive events 

[115]. If supply chains are to meet the dimensions of sustainability, their operational 

processes need to be resilient in this sense. This requires an analysis of the impact of im-

plementing resilience strategies in terms of sustainability. Therefore, business deci-

sion-makers need to explore resilience strategies by considering the dimensions of sus-

tainability. They seek to establish effective responses to eliminate the impact of potential 

disruptions [116], while maintaining the sustainable dimensions of the supply chains 

[117–119].  

In recent years, the relevant supply chain resilience and sustainability studies are as 

follows. Fahimnia and Jabbarzadeh (2016) developed a multi-objective optimization 

model for resiliently sustainable supply chains [117]. Ramezankhani et al. (2018) pro-

posed a dynamic network data envelopment analysis framework to assess a supply chain 

performance from both sustainability and resilience viewpoints [116]. Ivanov (2018) an-

alyzed disruption propagation in the supply chain with consideration of sustainability 

factors in order to design a resilient supply chain structure [118]. Zavala-Alcívar et al. 

(2018) developed a conceptual framework that integrates the fundamental elements for 

analyzing, measuring, and managing resilience to increase sustainability in the supply 

chain [120]. Khot and Thiagarajan (2019) evaluated supply chain management practices 

for effective sustainable and resilience practices in the automobile industry of India [121]. 

Shin and Park (2019) applied an interpretive structural modeling approach to identify 

and design improvement planning for supply chain resilience for a higher level of sus-

tainability and competitive advantage [122]. Thaiprayoon et al. (2019) investigated the 

impact of supply chain resilience on sustainability performance and the mediating role of 

sustainability consciousness in Thailand’s manufacturing sector [123]. Ivanov (2020) of-



Processes 2021, 9, 596 9 of 45 
 

 

fered a viable supply chain framework by integrating agility, resilience, and sustainabil-

ity perspectives [124]. 

As supply chains become more complex, managing disruption risks and achieving 

resilience have become more critical. A desirable supply chain design should consider 

not only sustainability issues, but also consider the proactive and reactive resilience 

strategies in the case of disruptions. [9]. Research on supply chain resilience and sus-

tainability has become increasingly common in various fields, but research in a manu-

facturing context is still relatively sparse. Based on the above literature discussion, this 

study proposes the concept of enhanced resilience strategy for risk mitigation of sus-

tainable supply chain as shown in Figure 2. 
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Figure 2. The resilience-enhancing strategy to mitigate risk for sustainable supply chain. 

3. Methodology 

In this section, we first give a short literature review on the proposed MCDM-QFD 

approach, and then present the methodologies used in the later presentation. The 

methodologies of this paper are the focus group method (FGM), fuzzy Delphi method 

(FDM), failure mode and effect analysis (FMEA), and the VlseKriterijumska Optimizacija 

I Kompromisno Resenje (VIKOR) method. 

3.1. The Proposed MCDM-QFD Approach 

QFD is used to solve the design challenges of new services and products to effec-

tively meet customer expectations [22,23]. A valid technique for converting customer 

requirements to technical attributes is through a relational matrix called the house of 

quality (HoQ). HoQ is the basic structure of QFD, including technical attributes, cus-

tomer requirements’ importance weights, technical attributes, and the relationship ma-
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trix between customer requirements and technical attributes [24–26]. The first step in 

constructing the HoQ is to clarify the customer requirements so that they are well un-

derstood. Not all customer requirements have the same level of importance to customers, 

so a weighting technique should be used to weight customer requirements. Technical 

attributes are associated with customer requirements. The relationship matrix represents 

how each customer requirement affects its associated technical attributes, helping to de-

termine the final importance of the technical attributes [125]. 

Among the numerous approaches available for conflict management, one of the 

most prevalent is MCDM. MCDM may be considered a complex and dynamic process 

[126]. To improve the practicality of QFD, scholars have integrated MCDM into QFD and 

proposed valuable extensions [22,24,127–130]. The VIKOR method is a highly useful 

MCDM technique and is used to solve discrete decision-making problems with 

non-commensurable and conflicting criteria. This method focuses on ranking and se-

lecting from a set of alternatives and identifying compromise solutions to a problem with 

conflicting criteria, helping decision-makers make the final decision [131]. A compromise 

solution is the closest possible solution to an ideal situation, and a compromise means an 

agreement built through mutual concessions. The main advantage of the VIKOR method 

is that it introduces a multi-criteria ranking index to the ideal solution based on a specific 

measure of “closeness”, and the resulting compromise solution provides maximum 

group utility for the “majority” and minimum individual regret for the “opponents” 

[132,133]. Owing to its characteristics and functions, the VIKOR method has been widely 

studied and applied to group decision-making problems in recent years [134–139]. 

Therefore, this study proposed that the integrated FGM-FMEA-FDM-VIKOR frame-

work-based QFD approach to building a sustainable risk resilience that can provide de-

cision support for EMSCs by integrating MCDM and QFD. 

This study has two HoQs in the QFD framework. We propose an integrated 

framework to elaborate the connections between SSCDRs and RCs and the connections 

between RCs and RFs, which are used for improving RCs and mitigating SSCDRs. The 

first HoQ links SSCDRs into RCs. Hence, SSCDRs appear as ‘whats’ in this HoQ, because 

manufacturing systems should initially identify what the risk affects; whereas RCs ap-

pear as ‘hows’, because they directly affect the way by which SSCDRs are treated. Then, 

the second HoQ identifies the RFs that can improve the RCs defined in the first HoQ. 

Hence, the RCs represent resilient requirements to improve and appear as ‘whats’ in the 

second HoQ, whereas the RFs are listed as ‘hows’ because they are practical measures 

that the manufacturing system can use to improve the RCs. Moreover, as shown in Figure 

3, the weights of the RCs calculated in the first HoQ are the starting point in constructing 

the second HoQ and can be directly used as importance weights in the second HoQ. 

Thus, the second HoQ can be constructed following similar steps as in the first HoQ. 

These steps in this study are shown in Figures 3 and 4. The symbols in the text from ① to 

⑪ correspond to the steps illustrated in Figures 3 and 4.  
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Figure 4. Proposed framework to build sustainable risk resilience for elevator manufacturing supply chains. 
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3.2. HoQ 1: Linking SSCDRs and RCs  

On the basis of the interview steps of FGM [140], a panel of experts initially 

determined important SSCDRs. Then, these experts confirmed potential causes 

and effects and further designed an FMEA questionnaire. Secondly, FMEA was 

used to obtain the RPNs. On the basis of the RPN value (weights), the top 

SSCDRs would be listed as key disruption risks ① These selected key disrup-

tion risks were further used to conduct the interdependent matrix (IM) ⑦. Based 

on the literature review in Table 1, key RCs, which were cited by at least five 

scholars, were selected for analysis ②. Then, we identified the correlation matrix 

of RCs (CM) ④ and the relational matrix of the key SSCDRs and RCs (RM) ③ 

Given that risks are interactional with one another [141–143], the integrated rela-

tional matrix of SSCDRs and RCs (IRM) is obtained by using Formula (1).  

IR� = I� ×  C� × R� (1)

Finally, we normalized RPNs as relative weights of key SSCDRs ⑤ and 

used the VIKOR method to obtain the weights and ranks of the RCs ⑥.  

3.3. HoQ 2: Linking RCs and RFs 

We used FDM to select key RFs ⑧ by experts’ threshold value. Then, we cal-

culated the correlation matrix of the RFs ⑩ and the relational matrix of the RCs 

and the RFs ⑨. The VIKOR method normalized the integrated evaluation ma-

trix, and the positive and negative ideal solutions were found. We used (1 − ��) 

as the weights ⑥ and calculated group utility, individual regret, and benefit ra-

tio. Then, the VIKOR method proceeded with compromise sorting by condition-

al judgments for the RFs. Finally, we obtained the optimal scheme of the RFs to 

improve the RCs and mitigate the disruption risks. The proposed framework is 

shown in Figure 4. 

3.4. Focus Group Method (FGM) 

FGM has been a highly effective qualitative research tool; it makes it possi-

ble to gather detailed information regarding participant perceptions, opinions, 

beliefs, and attitudes regarding particular phenomena [144]. This method is well 

suited to explore and better understand the processes and intentions that drive 

supply chain members to determine SSCDRs, as interaction within the group 

helps participants better express and clarify their views [140]. The steps are de-

scribed as follows [145]: 

Step A: Write down goals. 

Step B: Define target audience. 

Step C: Find a venue. 

Step D: Recruit participants. 

Step E: Design the questions. 

Step F: Moderate the group. 

Step G: Analyze. 

3.5. FMEA  

FMEA was proposed by NASA in 1963. This method has been extended and 

applied in various industries, assisting companies in identifying and quantifying 

potential deficiencies in the design stage [146]. The empirical evidence shows 

that the negative effects of supply chain disturbances can be categorized into a 

number of supply chain failure modes [78]. Therefore, we focused on the SSCDRs 

identified using FGM to determine the potential causes and effects. Given that 

different manufacturing systems are exposed to different disruption risks, their 
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degree of occurrence and influence varies. Accordingly, the three criteria of se-

verity (S), occurrence (O), and detection (D), should be discussed depending on 

the situation. This study referred to the corresponding semantic levels of inter-

national standards to design the FMEA questionnaire and calculate the risk pri-

ority numbers (RPNs) by using Formula (2). 

RPN = S × O × D (2)

3.6. Fuzzy Delphi Method (FDM) 

Murray et al. (1985) developed an optimized FDM, which combines the 

traditional Delphi method and the fuzzy theory [147]. Experts’ judgments in 

FDM are represented by fuzzy numbers. This study used FDM to screen key RFs 

with experts’ threshold, because it can (1) reduce the survey numbers, (2) express 

the opinions of experts entirely, (3) become more rational in keeping with the 

needs, and (4) save more time and costs [148]. The steps are detailed as follows. 

Step A: The FDM questionnaire was developed for the confirmed RFs. Each 

expert was requested to evaluate the content of each feature. The value range 

was indicated to target the level of importance of the evaluation targets. The 

minimum value of this value range represents the ‘most conservative cognitive 

value’ by the experts. By contrast, the maximum value of the value range repre-

sents the ‘most optimistic cognitive value’.  

Step B: We calculated the most conservative value and the most optimistic 

value given by all the experts. Fuzzy theory was adopted to calculate the mini-

mum value ��
� , geometric mean ��

� , and maximum value ��
�  in the conservative 

value, as well as the minimum value ��
� , geometric mean ��

� , and maximum 

value ��
�  in the optimistic value. 

Step C: In accordance with Step B, the conservative value of the triangular 

fuzzy number for every assessment item i, �� = ���
�，��

� ，��
� � and the triangular 

fuzzy number of the ‘most optimistic cognitive value’ were obtained, �� =

���
�，��

� ，��
� �. 

Step D: The consensus level ��  was calculated. �� refers to the ‘value im-

portance level that has reached a consensus’ as far as opinions of experts are 

concerned. The higher the �� is, the higher the consensus on a particular as-

sessment criterion among the experts will be. �� can be calculated in the fol-

lowing three ways. 

(1) If the triangular fuzzy numbers show no overlap, then ���
� ≦ ��

� � signi-

fies that the opinion intervals of the experts possess a consensus section. If so, 

then the evaluation item i ‘value importance level that has reached a consensus’ 

�� equals the average of �� 
� and ��

� , which is expressed as �� = ���
� + ��

� �/2. 

(2) If two triangular fuzzy numbers overlap, then ���
� > ��

� � and �� < �� , 

where (�� = ��
� − ��

� ) and (�� = ��
� − ��

� ). In addition, the grey area of the 

fuzzy relationship is smaller than the interval between the experts’ evaluation 

criteria, ‘optimist cognitive of the geometric mean’, and ‘conservative cognitive 

of the geometric mean’. In that case, the ‘value importance that has reached a 

consensus’ of the assessment item is calculated based on Formula (3) [149]. 

�� =
[���

� ´��
� � − ���

�´��
� �}

[���
� − ��

� � + ���
� − ��

��]
 (3)

(3) If two triangular fuzzy numbers show an overlap, then ���
� > ��

� � 

and Z� < M�. This condition indicates a grey area with a fuzzy relationship (�� ) 

is less than the interval range of evaluation criteria, ‘optimistic cognition of the 

geometric mean’ and ‘conservative cognition of the geometric mean’ (��). Thus, 

the opinion interval values of the experts had no consensus, and the opinions of 
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the experts that gave extreme values and the opinions of other experts showed 

great disparities, leading to opinion divergence. Hence, criteria that have not 

undergone convergence were repeated (Steps A–D) until all criteria reached 

convergence and obtained the ‘value importance reached the consensus’ �� . 

Step E: All criteria that did not reach the threshold value were deleted after 

setting the threshold value of �� . 

3.7. VIKOR Method 

The VIKOR method, proposed by Opricovic (1998), is a compromise sorting 

method in MCDM [150]. Though there are many approaches to handle issues 

related to business management, when there are conflict or substitution situa-

tions between indicators, it may cause deviations in the results [149]. The VIKOR 

method can overcome this problem and be used for ranking, sorting, and se-

lecting a set of conflicting alternatives. The advantage of VIKOR can reflect the 

subjective preferences of decision-makers and determine more valid results than 

other methods for issues with conflicting criteria, as it is characterized by max-

imizing "group utility" and minimizing "individual regrets" of the “opponent” 

[132].  

The VIKOR method evaluates every feasible alternative based on each cri-

terion function. In Figure 5, �∗ is the ideal solution, ��
∗ is the ideal value of the 

first evaluation criterion, and ��
∗ is the ideal value of the second evaluation cri-

terion. When the two assessment criteria have conflicting characteristics, in order 

to achieve the desired value of the first criterion, the performance of the second 

criterion must be sacrificed, and vice versa. Therefore, a compromise must be 

sought for the two conflicting criteria to reach an agreement. In the arc 

(non-inferior solution set), �� is a feasible solution closest to �∗ in the feasible 

solution, so �� is the best solution after a compromise has been reached. 

 

Figure 5. Basic concept of the VIKOR method. 

The steps are as follows: 

Step A. Normalize the original data 

��� =
���

∑ ���
�
���

, 1 ≤ � ≤ �, 1 ≤ � ≤ �, ��� ∈ � (4)

Taking the first HoQ as an example, the original data ��� are normalized as 

rij, where B is the set of criteria, m is the number of disruption risks, and n is the 

number of RCs.  

Step B. Find the positive ideal and negative ideal solution 
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��
∗ = ����������� ∈ ���, ���������� ∈ ����, ∀� (5)

��
� = ����������� ∈ ���, ���������� ∈ ����, ∀� (6)

In the above formula, ��� is the performance evaluation value of the alter-

native j on the i evaluation criteria, �� is a set of benefit-oriented criteria, �� is the 

set of cost-oriented criteria, ��
∗ is the positive ideal solution, and ��

� is the nega-

tive ideal solution. 

Step C. Calculate the group utility �� and the individual regret �� 

�� = � �����
∗ − ����/ (��

∗ − ��
�)

�

���

 (7)

�� = ���
�

[��(��
∗ − ���) / (��

∗ − ��
�)], � = 1,2,3 … � (8)

where ��  is the relative weight of disruption risks i. In this study, the normal-

ized RPN values of FMEA were taken as the relative weights of disruption risks 

in the first HoQ. The sorting weights of the first HoQ were taken as the relative 

weights of RCs in the second HoQ. 

Step D. Calculate ��: �� denotes the benefit ratio that can be generated by the 

alternative j. 

�� = ���� − �∗� / (�� − �∗) + (1 − �)��� − �∗�/ (�� − �∗) (9)

where �∗ = ���
�

��,  �� = ���
�

��; �∗ = ���
�

��，�� = ���
�

��. � ∈ [0, 1] is the de-

cision-making mechanism coefficient, used as the weight of the strategy, where v 

> 0.5 indicates the basis of maximizing the group utility, v < 0.5 represents the 

basis of minimizing the individual regret, and v = 0.5 represents the basis of 

consensus decision-making. 

Step E. According to the relationships of ��, ��, and �� proceed to the ranking 

of the alternatives 

When the following two conditions are satisfied, we can sort the alternatives 

according to the value of ��  (the smaller the better). 

Condition 1: Acceptable benefits of the threshold conditions 

�′′ − �′ ≥ 1/( � − 1) (10)

In the above Formula (10), according to the sorting of Qj, Q' represents the Qj 

value of the first-ranked alternative, Q" represents the Qj value of the sec-

ond-ranked alternative, and J is the number of alternatives. This formula indi-

cates that the difference between the two benefit rate (��) values of the two ad-

jacent alternatives must exceed the threshold 1/(J − 1) in order to confirm that the 

first-ranked alternative is significantly better than the second. 

Condition 2: Acceptable decision reliability 

After considering the ranking of Q values, the S value (S') of the first-ranked 

alternative must also be better than the S value (S'') of the second-ranked alter-

native; or the R value (R') of the first-ranked alternative must also be better than 

the R value (R'') of the second-ranked alternative. When there are several alter-

natives to be compared at the same time, using the above procedures, the fol-

lowing two alternatives should be examined to check if they are in line with 

Condition 2. 

Step F. Decision rules 

If the relationship between the first and the second-ranked alternatives is in 

line with Conditions 1 and 2 simultaneously, then the first alternative is accept-
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ed as the best one; if the relationship between the first-ranked alternative and 

the second-ranked alternative "only meets Condition 2", then both the first and 

second-ranked alternatives are accepted as the best alternatives. 

4. Empirical Study 

This study focuses on the elevator manufacturer industry in Taiwan, which 

will allow us to verify the proposed framework. Given its product characteristics, 

the case company’s supply chain length is short, but its components come from 

many different types of supplier. The current case company’s supply chain is 

facing internal and external risks that have worried the managers. In this study, 

in-depth structured interviews were conducted with experts from different de-

partments. The selected departments were chosen because they were the most 

relevant to the topic of SSCDRs and resilience. Views from different departments 

were gathered to make a holistic judgment. The data obtained were converted 

into two-phase HoQs. 

4.1. First HoQ linking SSCDRs and RCs 

Stage I: Confirmation of important SSCDRs using FGM 

On the basis of the FGM, we invited eight experts to take part in a focus 

group interview to confirm the suitability of disruption risks affecting the supply 

chain. We screened a comprehensive list of 130 SSCDRs to form a list of 22. On 

the basis of these 22 important SSCDRs, the experts were invited to confirm the 

possible causes and effects and then further designed an FMEA questionnaire, as 

indicated in Table 2. 

As seen in the examples of the SSCDRs numbers 8 and 17, a successful sup-

ply chain largely depends on the consumption of products by downstream cus-

tomers. Customer loyalty is largely influenced by retail prices and retail services, 

ultimately helping enterprises build a strong brand image based on product 

quality [151]. Procurement strategies are widely used to manage supply risks 

when firms face supply disruptions from upstream suppliers [152]. For the case 

company, the risk of product price may result in an improper product price af-

fecting the consumer market, and the improper purchase price of upstream raw 

materials affecting suppliers. The possible reason for this result is that the overall 

control of the product cost is not good or the price strategy of the enterprise is not 

good. When faced with random demand, participants in the supply chain will 

increase their focus on risk. Examples include production, pricing, and invest-

ment in quality or service. In addition, different participants in the supply chain 

may have different degrees of risk aversion [153]. If strategic alliances and part-

nerships with suppliers are needed, not only punishment mechanisms but also 

incentive mechanisms should be considered [154]. A strike is a collective refusal 

of work by workers to express their protest [155]. For example, in 2019, United 

Auto Workers (UAW) and General Motors failed to reach an agreement on a new 

labor contract, and 46,000 workers went on strike. The strike shut down all fac-

tories in the US and affected the network of manufacturers that produce com-

ponents. These suppliers were left with little to do but wait out the strike. For the 

case company, the lack of a perfect incentive mechanism may lead to effects such 

as the low morale/satisfaction of employees, the inability to retain/attract talent, 

and difficulty in attracting good suppliers, which may be caused by defects of the 

system or obstacles to various practical factors. 
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Table 2. Important SSCDRs selected by FGM and causes and effects. 

No. SSCDR Failure Effect  Possible Cause 

1 
Unexpected change de-

mands from customers  

1. Failure to meet customer require-

ments and supply interruption.  

2. Temporary changes in production 

cause confusion and additional ex-

penses. 

1. Not fully understanding 

customer needs.  

2. Customers placing orders 

without fully understanding 

the products. 

 

2 

Unexpected events lead to 

changes in supplier delivery 

dates 

1. The supplier being unable to de-

liver on the scheduled time.  

2. Additional loss when an uncasing 

scheme is adopted.  

1. Insufficient strain and flexi-

bility of supplier accident. 

 

3 Typhoon 

1. Damage to plant structure and 

inventory.  

2. External water and electricity 

equipment is interrupted.  

3. Employees cannot go to work and 

production is interrupted.  

1. Natural disasters. 

4 Customs obstruction 

1. Customs detains products due to 

different perceptions of the products, 

resulting in delay or interruption of 

delivery.  

2. Paying extra money.  

1. Strict import and export reg-

ulations.  

2. Not knowing the rules be-

forehand. 

 

5 
Insufficient customer pay-

ment  

1. Using extra time for refunds.  

2. Reducing the fluency of enterprise 

capital scheduling.  

1. The customer has poor credit 

or is unable to pay.  

2. Insufficient collection man-

agement mechanisms. 

6 

Adverse market changes 

(securities, exchange rates, 

and interest rates)  

1. Fluctuations of exchange rate that 

cause the loss of receipt and pay-

ment.  

2. Loss of raw material costs and 

product profits.  

1. Dynamic and unstable mar-

ket influence.  

2. Insufficient risk management 

mechanism. 

7 

Misinterpretation of cus-

tomer order information, 

resulting in product error  

1. Misunderstandings that result in 

products that do not meet customer 

expectations. 

 

1. Errors when the order was 

converted to the process file.  

2. Insufficient checking mecha-

nisms. 

8 Product price  

1. An inappropriate product price, 

affecting the downstream consumer 

market.  

2. Procurement prices of upstream 

raw materials are inappropriate, af-

fecting suppliers.  

1. Poor overall control of prod-

uct cost.  

2. A price strategy of the enter-

prise that is not well formulat-

ed. 

 

9 

Damage to internal IT infra-

structure or intrusion of 

information systems (virus-

es or software exceptions)  

1. Abnormal operation of the prod-

uct’s electronic components.  

2. Non-operational enterprise IT 

equipment.  

3. Important data loss. 

1. Program abnormali-

ty/operation negligence.  

2. Vicious attacks.  

3. Inadequate protection of IT 

equipment. 

 

10 
Increase in the total cost of a 

supplier’s products (prod-

1. An increased price that cannot be 

accepted, but no alternative supplier 

1. Increased costs of products, 

logistics, and quality.  
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uct cost, logistics, quality 

cost)  

or inventory exists.  2. Insufficient risk management 

mechanism. 

11 

Supplier’s strategic adjust-

ment resulted in delays in 

the shipment 

1. Disruption of raw material supply 

and production.  

2. Failure to deliver goods smoothly 

causes breach of contract.  

1. Supplier prioritizes other 

buyers’ orders.  

2. The relationship between the 

enterprise and suppliers is or-

dinary. 

 

12 
Poor quality of supply 

goods 

1. Increased time and labor cost of 

reprocessing, return, and replace-

ment.  

2. Disruption of raw material supply 

and production.  

3. Failure to deliver goods smoothly 

causes breach of contract.  

1. Poor quality control of sup-

pliers.  

2. Demand is not communicat-

ed to the supplier correctly.  

3. Supplier that is insufficiently 

capable to meet the demand. 

13 
Deterioration of employee 

relations  

1. Inability to retain/attract talent.  

2. Decline in employee productivity. 

3. Reduced job satisfaction/loyalty. 

1. Bad communication.  

2. Unequal treatment.  

3. Not having a good appeal 

pipeline. 

14 
Improper or poor personal 

qualities of employees 

1. Affected the work quality of other 

employees.  

2. Low productivity.  

1. Poor emotional management. 

2. Insufficient human resource 

management mechanism of 

enterprises. 

15 
Lack of critical capaci-

ties/skilled employees 

1. Technology that cannot improve. 

2. Unstable product quality.  

3. New employees that cannot obtain 

a good education. 

1. High technical requirements. 

2. Inability to retain/attract tal-

ent.  

3. Insufficient human resource 

management mechanism of 

enterprises  

 

16 

New employees and un-

skilled employees resulting 

in delayed delivery  

1. Delivery delay.  

2. Operation negligence.  

1. Insufficient education and 

training.  

2.  Imperfect inspection pro-

cess. 

17 

Lack of well-established or 

insufficient incentives (e.g. 

bonuses, promotions, etc.)  

1. Low work morale/satisfaction.  

2. The inability to retain/attract tal-

ent.  

3. Difficulties in attracting good up-

stream and downstream cooperative 

enterprises.  

1. System defects.  

2. Obstacles from realistic fac-

tors. 

18 

Inefficient use of labor (in-

effective/poor task alloca-

tion, resulting in reduced 

labor productivity) 

1. Labor loss. 

2. Causing employee dissatisfaction. 

1. Not communicating properly 

before work. 

2. Employees are incompetent. 

19 

Poor product design or 

malfunctions in the manu-

facturing process  

1. The product does not meet the 

specifications and cannot be sold. 

2. The customer is not satisfied with 

the use. 

3. Existence of security risks.  

1. Operation, environment, 

cost, and other factors were not 

fully considered during the 

design period. 

2. Failing to establish proper 

control procedures.  
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20 

Equipment damage leading 

it to be temporarily or per-

manently unavailable 

1. Production interruption and de-

livery delay. 

2. Loss of equipment maintenance. 

 

1. Single operating equipment. 

2. Improper use. 

3. The equipment is not 

properly maintained. 

 

21 
Personnel changes in senior 

management  

1. Low operational efficien-

cy/shutdown of the management 

system. 

2. Employees' inadaptation to the 

new manager. 

3. Education and training cannot be 

verified.  

1. Management turno-

ver/retirement. 

2. Business strategy. 

22 
Data missing, unable to 

render full information  

1. Relevant information is not avail-

able when required.  

2. Business disruptions and declin-

ing productivity.  

1. Hardware damage.  

2. Software abnormalities.  

3.Real-time backup mechanism 

lacking 

Stage II: Obtainment of key SSCDRs and RPNs using FMEA 

Different manufacturing systems involve distinctive disruption risks, dif-

ferent possibilities of occurrence, and various degrees of influence. Accordingly, 

the three failure measurement items of severity (S), occurrence (O), and detection 

(D) should be discussed depending on the situation under investigation. This 

study referred to the international standard MIL-STD-882 to design an /FMEA 

questionnaire and calculate the RPNs. Finally, the questionnaires were com-

pleted, and the RPNs were calculated using Formula (2). According to the RPN 

values (weights), the top-10 factors will be listed as the key SSCDRs. Table 3 

shows the calculation results. These key SSCDRs would be included in Part ① of 

the first HoQ, as shown in Figures 3, 4, and 6. As shown in Table 3, the three 

SSCDRs with the highest RPN values are ‘unexpected events lead to changes in 

supplier delivery dates’, ‘typhoon’, and ‘lack of critical capacities/skilled em-

ployees’. 

Table 3. FMEA screening results of key SSCDRs and RPNs. 

 Key SSCDR RPN Order 

SSCDR 1 Unexpected change demands from customers 14.28 10 

SSCDR 2 Unexpected events lead to changes in supplier delivery dates 38.02 1 

SSCDR 3 Typhoon 30.72 2 

SSCDR 4 
Damage to internal IT infrastructure or intrusion of information systems (viruses or 

software exceptions) 
15.68 8 

SSCDR 5 Misinterpretation of customer order information, resulting in product error  20.74 5 

SSCDR 6 
Poor quality of supply goods needed to be returned or reprocessed so as to affect 

downstream manufacturers or customers 
24.00 4 

SSCDR 7 Lack of critical capacities/skilled employees 26.40 3 

SSCDR 8 New employees (unskilled employees) resulting in delayed delivery 14.96 9 

SSCDR 9 Lack of well-established or insufficient incentives (bonuses, promotions, etc.) 19.20 7 

SSCDR 10 Poor product design or malfunctions in the manufacturing process 19.58 6 

Stage III: Evaluation of interdependent matrix between SSCDRs (IM) 

Relevant studies show that risks contain interdependent effects [141–143]. 

To investigate the interdependent effects of SSCDRs, the expert panel was asked 

to evaluate the interdependent matrix. Taking the results of the FMEA, 10 key 
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SSCDRs were further used to conduct the interdependent analysis. The assessors 

should consider whether a mutual influence exists between the risks, and they 

were required to use 0–1–2–3 scale for the evaluation. We took the total average 

of the evaluations as the final result. Table 4 shows the results. The interde-

pendent matrix would be included in Part ⑦ of the first HoQ, as shown in Fig-

ures 3, 4, and 6. 

Table 4. Interdependent matrix of key SSCDRs (IM). 

 SSCDR 1 SSCDR 2 SSCDR 3 SSCDR 4 
SSCDR 

5 
SSCDR 6 

SSCDR 

7 
SSCDR 8 SSCDR 9 SSCDR 10 

SSCDR 1 0.0 1.4 0.0 0.0 2.0 2.2 0.0 0.4 0.0 2.0 

SSCDR 2 1.8 0.0 0.0 1.0 2.2 2.6 0.0 1.4 0.0 1.0 

SSCDR 3 1.8 2.4 0.0 2.2 0.0 3.0 0.0 0.0 0.0 0.2 

SSCDR 4 0.0 2.4 0.0 0.0 2.0 2.0 0.0 0.0 0.0 2.0 

SSCDR 5 1.0 2.2 0.0 0.0 0.0 2.0 0.0 0.0 0.0 2.0 

SSCDR 6 0.2 2.8 0.0 0.0 1.0 0.0 0.0 0.0 0.0 2.0 

SSCDR 7 1.2 2.4 0.0 2.2 3.0 2.6 0.0 2.4 2.0 2.6 

SSCDR 8 1.2 3.0 0.0 1.8 3.0 3.0 2.2 0.0 2.0 1.8 

SSCDR 9 0.0 0.2 0.0 0.0 0.2 0.2 3.0 2.0 0.0 2.0 

SSCDR 10 2.0 2.2 0.0 0.0 3.0 3.0 0.0 0.0 0.0 0.0 

Stage IV: Identification of correlation matrix between RCs (CM ) 

Based on the review of RCs in Table 1, we only cited key RCs that have been 

proposed by more than five scholars in the reviewed literature. Eight RCs were 

selected in this study. The key RCs would be included in Part ② of the first 

HOQ, as shown in Figures 3, 4, and 6. 

Relevant field experts were also invited to assess the correlation of RCs to 

understand whether they complement or conflict with one another. The degree 

of correlation between RCs was assessed using assessment scales of 0–1–2–3, 

which represent low, moderate, and high correlation, respectively. The correla-

tion matrix shown in Table 5 would be included in Part ④ of the first HOQ, as 

shown in Figures 3, 4, and 6. 

Table 5. Correlation matrix of key RCs (CM). 

 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

RC 1 Agility 0 2.2 1.6 2.4 1.8 2.1 2.3 1.4 

RC 2 Flexibility 2.2 0 1.2 0.8 0.4 2.8 1.6 0.4 

RC 3 Capacity 1.6 1.2 0 2.2 0.8 1.6 1.9 0.6 

RC 4 Velocity 2.4 0.8 2.2 0 1.2 0.8 1.8 0.6 

RC 5 Visibility 1.8 0.4 0.8 1.2 0 1.9 0.4 2.6 

RC 6 Adaptability 2.1 2.8 1.6 0.8 1.9 0 2.1 0.8 

RC 7 Collaboration 2.3 1.6 1.9 1.8 0.4 2.1 0 1.2 

RC 8 Risk aware-

ness 
1.4 0.4 0.6 0.6 2.6 0.8 1.2 0 

Stage V: Evaluation of relational matrix between SSCDRs and RCs (RM) 

The experts were further asked to assess the relationship between the 

SSCDRs and the RCs to depict the interrelated situation between the two groups 

of items. The degree of the relationship was also determined using assessment 

scales of 0–1–2–3. The relational matrix shown in Table 6 would be included in 

Part ③ of the first HoQ, as shown in Figures 3, 4, and 6. 
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Table 6. Relational matrix of SSCDRs and RCs (RM). 

 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

(SSCDR 1) Unexpected change demands from 

customers  
2.0 2.4 1.9 1.8 1.5 2.1 0.8 1.3 

(SSCDR 2) Unexpected events lead to changes 

in supplier delivery dates  
2.5 2.3 1.9 2.3 2.0 1.1 1.1 1.5 

(SSCDR 3) Typhoon  0.1 0.5 0.3 0.4 1.3 0.8 0.1 1.9 

(SSCDR 4) Damage to internal IT infrastruc-

ture or intrusion of information systems (vi-

ruses or software exceptions)  

1.0 1.3 1.3 2.0 2.0 1.1 1.1 1.9 

(SSCDR 5) Misinterpretation of customer or-

der information, resulting in product error  
2.0 1.3 1.4 0.9 2.0 0.8 0.5 1.4 

(SSCDR 6) Poor quality of supply goods 

needed to be returned or reprocessed so as to 

affect downstream manufacturers or custom-

ers  

1.9 1.9 1.1 2.5 1.4 1.1 1.9 1.1 

(SSCDR 7) Lack of critical capacities/skilled 

employees  
2.6 1.5 1.6 2.3 0.6 1.5 1.1 1.1 

(SSCDR 8) New employees (unskilled em-

ployees) resulting in delayed delivery  
1.3 1.1 1.1 1.4 0.8 1.1 1.4 1.5 

(SSCDR 9) Lack of well-established or insuf-

ficient incentives (bonuses, promotions, etc.) 
1.9 1.0 1.1 1.0 1.0 0.8 0.8 1.1 

(SSCDR 10) Poor product design or malfunc-

tions in the manufacturing process  
2.0 1.6 2.0 2.5 2.1 1.6 1.5 1.4 

Stage VI: Calculation of integrated evaluation matrix between SSCDRs and 

RCs (QM1) 

In this study, the VIKOR method was applied to calculate the weights of the 

RCs that need to be used to cope with the SSCDRs identified by the case com-

pany. As mentioned in the aforementioned literature, risks are interactional with 

one another. Therefore, the interdependence matrix (IM) was considered in addi-

tion to the correlation matrix (CM) and the relational matrix (RM). Using Formula 

(1), the interdependence matrix (IM) of the SSCDRs was multiplied by the corre-

lation matrix (CM) of the RCs and then multiplied by the relational matrix (RM) 

between the SSCDRs and the RCs. The integrated evaluation matrix (QM1) is 

shown in Table 7. 

Table 7. Integrated evaluation matrix of SSCDRs and RCs (QM1). 

QM1 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

SSCDR 1 171.43 115.32 129.24 126.05 112.83 161.41 148.71 101.99 

SSCDR 2 203.35 136.55 151.15 145.22 135.34 185.73 175.31 116.15 

SSCDR 3 217.74 140.77 161.97 149.65 140.63 196.98 185.07 121.39 

SSCDR 4 184.28 123.71 138.84 136.56 121.41 175.36 161.5 110.58 

SSCDR 5 171.94 114.83 129.49 122.26 111.03 158.19 149.16 98.04 

SSCDR 6 137.89 93.08 102.43 103.41 91.868 131.56 123.36 83.195 

SSCDR 7 367.54 247.63 273.6 268.23 248.13 340.9 319.96 214.11 

SSCDR 8 366.1 252.79 278.21 272.69 250.97 345.55 328.71 215.3 

SSCDR 9 155.48 114.18 121.25 115.38 110.83 140.68 142.29 85.805 

SSCDR 10 212.78 144.46 160.41 158.66 142.73 204.48 190.66 126.34 
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Stage VII: RC prioritization 

The sorting weights and ranks of the RCs for resisting SSCDRs could be 

obtained using the VIKOR method. Suggestions of RCs were proposed to the 

decision-makers in response to the effects of the SSCDRs in this study. The pro-

cesses of the VIKOR method are as follows. 

A. Normalize the original data:  

The integrated evaluation matrix (QM1) of Table 7 was inserted into Formula 

(4) for normalization. After normalization, the matrix (QM2) would fall between 

[0, 1]. Table 8 shows the results. 

Table 8. Integrated evaluation matrix (QM2) after normalized (QM1). 

QM2 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

SSCDR 1 0.013 0.008 0.009 0.009 0.008 0.012 0.011 0.007 

SSCDR 2 0.015 0.010 0.011 0.011 0.010 0.014 0.013 0.009 

SSCDR 3 0.016 0.010 0.012 0.011 0.010 0.014 0.014 0.009 

SSCDR 4 0.014 0.009 0.010 0.010 0.009 0.013 0.012 0.008 

SSCDR 5 0.013 0.008 0.010 0.009 0.008 0.012 0.011 0.007 

SSCDR 6 0.010 0.007 0.008 0.008 0.007 0.010 0.009 0.006 

SSCDR 7 0.027 0.018 0.020 0.020 0.018 0.025 0.023 0.016 

SSCDR 8 0.027 0.019 0.020 0.020 0.018 0.025 0.024 0.016 

SSCDR 9 0.011 0.008 0.009 0.008 0.008 0.010 0.010 0.006 

SSCDR 

10 
0.016 0.011 0.012 0.012 0.010 0.015 0.014 0.009 

B. Find the positive and negative ideal solutions:  

The normalized matrix (QM2) of Table 8 was introduced into Formulas (5) 

and (6) to obtain the positive ideal solution ��
∗ and the negative ideal solution ��

� 

of the RCs, respectively. Table 9 shows the results. 

Table 9. Positive ideal solution and negative ideal solution of RCs. 

 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

��
∗ 0.027 0.019 0.020 0.020 0.018 0.025 0.024 0.016 

��
� 0.010 0.007 0.008 0.008 0.007 0.010 0.009 0.006 

C. Calculate group utility �� and individual regret ��:  

In this process, group utility �� and individual regret �� were calculated 

using Formulas (7) and (8), respectively, where ��  is the relative weights of the 

normalized RPN of FMEA in Table 3. The relative weights of the SSCDRs shown 

in Table 10 would be included in Part ⑤ of the first HoQ, as shown in Figures 3, 

4, and 6. 

Then, the relative weights ��  were substituted into Formulas (7) and (8) to 

calculate group utility �� and individual regret ��, respectively. Table 11 shows 

the results. 

Table 10. Relative weights of SSCDRs after normalization. 

 SSCDR 1 
SSCDR 

2 
SSCDR 3 SSCDR 4 SSCDR 5 SSCDR 6 SSCDR 7 

SSCDR 

8 
SSCDR 9 SSCDR 10 

RPN 14.28 38.02 30.72 15.68 20.74 24.00 26.40 14.96 19.20 19.58 

�� 0.0639 0.1701 0.1374 0.0701 0.0928 0.1073 0.1181 0.0669 0.0859 0.0876 
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Table 11. Results of group utility �� and individual regret ��. 

 Weight RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

SSCDR 1 0.0639 0.0545 0.0550 0.0541 0.0553 0.0555 0.0550 0.0560 0.0548 

SSCDR 2 0.1701 0.1216 0.1238 0.1229 0.1281 0.1236 0.1270 0.1270 0.1276 

SSCDR 3 0.1374 0.0896 0.0964 0.0909 0.0999 0.0953 0.0954 0.0961 0.0977 

SSCDR 4 0.0701 0.0560 0.0567 0.0556 0.0564 0.0571 0.0558 0.0571 0.0556 

SSCDR 5 0.0928 0.0790 0.0801 0.0785 0.0824 0.0816 0.0812 0.0811 0.0823 

SSCDR 6 0.1073 0.1073 0.1073 0.1073 0.1073 0.1073 0.1073 0.1073 0.1073 

SSCDR 7 0.1181 0.0000 0.0038 0.0031 0.0031 0.0021 0.0026 0.0050 0.0011 

SSCDR 8 0.0669 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

SSCDR 9 0.0859 0.0793 0.0745 0.0767 0.0798 0.0756 0.0822 0.0780 0.0842 

SSCDR 10 0.0876 0.0590 0.0594 0.0587 0.0590 0.0596 0.0577 0.0589 0.0590 

�� － 0.6468 0.6570 0.6478 0.6713 0.6577 0.6642 0.6666 0.6696 

�� － 0.1216 0.1238 0.1229 0.1281 0.1236 0.1270 0.1270 0.1276 

D. Calculate the benefit ratio ��:  

We used Formula (9) to calculate the value of �� . We set v to 0.5 in VIKOR 

to maximize group utility and minimize individual regret. The calculation results 

of benefit ratio �� are shown in Table 12. 

Table 12. Calculation results of benefit ratio ��. 

Coeffi-

cient Val-

ue v=0.5  

RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

Q_0.1 0.0000 0.3465 0.1899 1.0000 0.3229 0.8256 0.8394 0.9353 

Q_0.2 0.0000 0.3543 0.1733 1.0000 0.3364 0.8127 0.8357 0.9347 

Q_0.3 0.0000 0.3622 0.1568 1.0000 0.3498 0.7999 0.8319 0.9340 

Q_0.4 0.0000 0.3701 0.1402 1.0000 0.3633 0.7870 0.8282 0.9334 

Q_0.5 0.0000 0.3780 0.1237 1.0000 0.3768 0.7742 0.8245 0.9327 

Q_0.6 0.0000 0.3858 0.1071 1.0000 0.3903 0.7613 0.8207 0.9321 

Q_0.7 0.0000 0.3937 0.0906 1.0000 0.4037 0.7484 0.8170 0.9314 

Q_0.8 0.0000 0.4016 0.0741 1.0000 0.4172 0.7356 0.8133 0.9308 

Q_0.9 0.0000 0.4094 0.0575 1.0000 0.4307 0.7227 0.8095 0.9301 

where �∗ = �. ����；�� = �. ����；�∗ = �. ����；�� = �. ���� 

E. Sort RCs:  

According to the two conditions of Section 3.7, ��  in Table 12 was inserted 

into Formula (10). If the two conditions are true, then they can be sorted on the 

basis of the value of �� .  

Based on Table 13, the first two values of �� were inserted into Formula 

(10), and the difference was �� − �� = 0.1237, which is less than 1/(8 − 1) and 

thus does not meet Condition 1.  

As shown in Table 13, the S1 value of agility is 0.6468, which is less than the 

S3 value of capacity (0.6478). Therefore, S1 shows better performance than S3. In 

addition, the agility R1 value (0.1216) is less than the capacity of R3 (0.1229), and 

R1 performance is better. Therefore, Condition 2 is met.  

From the two results relating to the �� value of the top two R1 and R3, ac-

cording to the decision rules, the two RCs should be accepted as the best alter-

native simultaneously. This study aims to obtain the weight of each RC. Thus, we 

used the ��  value directly. However, the smaller the value of ��  is, the better 
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the result will be. Thus, we used (1 − ��) as the sorting weights of the RCs in the 

first HoQ for the next HoQ. The sorting results shown in Table 13 would be in-

cluded in Part ⑥ of the first HoQ, as shown in Figures 3, 4, and 6. 

Table 13 shows that the three RCs with the highest sorting weights are RC1 

(agility), RC3 (capacity), and RC5 (visibility). 

Table 13. Sorting results of RCs. 

v=0.5 RC 1 RC 2 RC 3 RC 4 RC 5 RC 6 RC 7 RC 8 

�� 0.6468 0.6570 0.6478 0.6713 0.6577 0.6642 0.6666 0.6696 

�� 0.1216 0.1238 0.1229 0.1281 0.1236 0.1270 0.1270 0.1276 

�� 0.0000 0.3780 0.1237 1.0000 0.3768 0.7742 0.8245 0.9327 

�� Ranking 1 3 2 8 4 5 6 7 

�� Ranking 1 4 2 8 3 5 6 7 

�� Ranking 1 4 2 8 3 5 6 7 

Sorting 

weight (1-��) 
1.0000 0.6220 0.8763 0.0000 0.6232 0.2258 0.1755 0.0673 

After the completion of the FGM, FDM, and VIKOR method in the first 

HoQ, the sorting weights and ranks of the RCs could be obtained. The first HoQ 

results in this framework are shown in Figure 6. 

 

Figure 6. First house of quality (HoQ) between SSCDRs and RCs. 

4.2. Second HoQ Linking RCs and RFs 

Stage I: Selection of key RFs using fuzzy Delphi method 

The second HoQ in this study was adopted to connect the RCs and RFs by 

FDM and VIKOR method.  
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Table 14 lists 22 explored RFs that the case company plans to adopt. The RFs 

at five dimensions were screened by FDM. Firstly, the designed FDM question-

naire was distributed to the supply chain experts of the case company, and they 

were asked to evaluate the minimum and maximum values of each feature ac-

cording to their judgment of experience in a 0−10 range. After the questionnaires 

were collected, the extreme values beyond twice the standard deviation were 

removed. The results show that the questionnaire data are within the range of 

two standard deviations, and no extreme values exist. Table 14 shows the re-

sults. 

The higher the level of ��  is, the higher the consensus of the experts on the 

RFs will be. If the consensus level is extremely low or below the threshold, the 

RFs should be removed. The threshold in this study was 6.5 according to the 

needs of the case company. The remaining 13 RFs were removed. These selected 

RFs, as shown in Table 14, would be included in Part ⑧ of the second HoQ, as 

shown in Figure 7. They would be used in the construction of the second HoQ.  

Stages II–V of the second HoQ are the same as those of the first HoQ. These 

same stages include: (1) correlation matrix between RFs, (2) relational matrix 

between the RCs and the RFs, (3) integrated relational matrix between the RCs 

and the RFs and (4) compromise ranking of the RFs. 

The ranking weight (1 − ��) of the RCs from the first HoQ was inputted 

into the second HoQ to calculate the ranking of the RFs. Table 15 and Figure 7 

show the results of the entire process. The second HoQ shows that the most im-

portant RFs were ‘Connection of the working site and the backstage’ (RF5), 

‘Product development and design enhancement’ (RF8), and ‘Real-time sharing of 

job information’ (RF9), followed by ‘Choose to support and motivate employees’ 

(RF6). ‘Allocation and input of enterprise resources’ (RF1) and ‘Establish a clear 

incentive and reward system’ (RF3) ranked third. 

Table 14. Fuzzy Delphi method (FDM) results of key RFs. 

Dimension RF Gi Rank Selected RF 

Leader 

1. Allocation and input of enterprise resources 8.1895715 1 RF 1 

2. Leadership and training of department staff 7.6908634 2 RF 2 

3. Import risk-taking and control 5.4787590 16  

4. Establish a clear incentive and reward system 6.8877718 6 RF 3 

5. Businesses use multiple sources of supply 6.2738235 13  

6. Compliance with social and environmental issues 3.6329448 22  

Culture 
7. Direct communication and discussion at all levels 6.3781463 11  

8. Culture of responsibility and trust 7.0334403 5 RF 4 

Personnel 

9. Connection of the working site and the backstage 6.5110131 9 RF 5 

10. Recruit expert consultants for enhancement 5.0472184 18  

11. Choose to support and motivate employees 7.4531948 3 RF 6 

12. Customer response analysis and enhancement 6.7928714 8 RF 7 

13. Customer and supplier communication and coop-

eration 
6.3085344 12  

System/ 

Technology 

14. Purchase software that can integrate resources 6.2069831 14  

15. Automate trading activities 3.7292785 21  

16. Establish and train cross-functional departments 5.1121130 17  

17. Establish standard operating procedures 5.9091726 15  

18. Product development and design enhancement 6.8419593 7 RF 8 

19. Real-time sharing of job information 7.1249042 4 RF 9 

Facilities 20. Equipment update and maintenance 6.3794848 10  
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21. Improve internal facility layout 4.0272372 20  

22. Storage space arrangement and reorganization 4.1454401 19  

Table 15. Compromise sorting of RFs. 

 RF 1 RF 2 RF 3 RF 4 RF 5 RF 6 RF 7 RF 8 RF 9 

�� 0.482 0.696 0.366 1.000 0.033 0.200 0.939 0.112 0.007 

�� Ranking 

(Smaller the Better) 
6 7 5 9 2 4 8 3 1 

Compromise sorting 3 4 3 5 1 2 5 1 1 

Figure 7. Second HoQ between RCs and RFs. 

4.3. Implications and Recommendations 

In this study, the QFD-based integration framework provides a risk-driven 

tool for building risk resilience solutions by converting SSCDRs to resilience ca-

pacities and resilience capacities to resilience-enhancing features. With such a 

decision framework, a manufacturing system’s risk resilience solutions can be 

risk-oriented and proactive, because the framework enables manufacturers to 

plan resilience solutions ahead of time in response to SSCDRs. 

In terms of supply chain risks and resilience capacities in the first HoQ, Ta-

ble 3 shows that the top-three risks are ‘unexpected events lead to changes in 

supplier delivery dates’, ‘typhoon’, and ‘lack of critical capacities/skilled em-

ployees’. The ranking weights and compromise ranking of resilience capacities, 

as shown at the bottom of Table 13, reveal that agility, capacity, and visibility are 

the top concerns perceived. As shown in Figure 6, prioritizing important resili-

ence will go a long way towards mitigating the top-three supply chain risks. The 

results show that agility ranks on the top position, because it has the highest 

group utility and the lowest individual regret. Thus, an enhancement in agility to 

mitigate SSCDRs is the most effective strategy for the case company. Agility 

emphasizes perceived ability and responsiveness. When a company is in a dy-
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namic and rapidly changing environment, accurate perception of the changes 

and a quick response are important factors for companies to survive. This result 

conforms to the argument in the literature that agility is considered one of the 

most effective strategies to mitigate SSCDRs. Capacity and visibility rank second 

and third in the VIKOR results. To cope with SSCDRs, the case company needs to 

have sufficient capacity and visibility to overcome these internal and external 

factors from the FMEA. Furthermore, the other resilience capacities after com-

promise sorting can also be provided to the case company for reference for mit-

igating SSCDRs. 

In terms of resilience capacities and resilience-enhancing features in the 

second HoQ, resilience capacities act as the intermediary for the other two vari-

ables. However, each resilience capacity is a proper noun, which can be difficult 

for decision-makers to understand. Therefore, decision-makers do not know how 

to improve the resilience of the supply chain. The top three resilience-enhancing 

features are ‘the connection of the working site and the backstage (RF9)’ and 

‘product development and design enhancement (RF5)’, and ‘real-time sharing of 

job information (RF8)’. The compromise sorting of the three resilience-enhancing 

features is also ranked first. Resilience is a multidimensional concept; thus, it 

covers various capacities. Therefore, enhancing resilience by improving a single 

capacity is impossible. The case company should focus on consolidating the 

three features, namely, RF9, RF5, and RF8, to improve resilience capacities. Sup-

ply chain risks (especially the top-three SSCDRs) can also be mitigated when the 

resilience capacities are improved. RF9 enables the case company to quickly de-

tect changes and predict them. With accurate and timely information flowing 

seamlessly between business units, decision-makers will have visibility into what 

is going on inside and outside the enterprise in real-time, as well as have a more 

effective control over all parts of the supply chain. When managers decide, they 

need RF8. Employees can quickly and actively cooperate with the execution to 

minimize the effects of risks or even completely avoid the occurrence of risks. 

Enterprises with RF5 enjoy long-term success and growth. The case company can 

save money and improve the quality of supply with a lower cost by implement-

ing the stage early in the product development and design to examine supply 

chain risks. Good product development and design have procedures in place to 

evaluate disruption risks and mitigate them. The next RF is ‘choose to support 

and motivate employees (RF6)’ followed by ‘allocation and input of enterprise 

resources (RF1)’ and ‘establish a clear incentive and reward system (RF3)’. After 

compromise sorting, these resilience-enhancing features can also be provided to 

the case company for reference for enhancing resilience capacities and mitigating 

SSCDRs. 

Given the limited resources, the Pareto effect can be applied to the results 

based on this framework. Elevator manufacturers can initially strengthen the 

most important resilience-enhancing features and jointly enhance the most im-

portant resilience capacities, thereby, mitigating the most important SSCDRs. 

This action not only strengthens resilience-enhancing features but also indirectly 

enhances and mitigates the effect of other minor resilience capacities and risks. 

Alternatively, once the top-three resilience-enhancing features have been en-

hanced, the other resilience-enhancing features can be further enhanced sequen-

tially, thereby continuing to affect resilience capacities and SSCDRs. Finally, 

when all resilience-enhancing features can be valued and strengthened, the en-

hancement for the overall resilience capacities and risk mitigation can consider-

ably improve risk resilience for manufacturing systems. 

On this basis, resilience is an organizational ability that cannot be gained by 

market purchases. Manufacturing systems must continuously invest capital and 
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time to gradually expand the scale of supply chain resilience. In this manner, 

any SSCR can be readily solved and even converted into new opportunities, 

such that manufacturing systems can achieve the objective of resilient supply 

chains. 

5. Conclusions  

In a competitive global market with increasing sustainable supply chain 

disruption risks, manufacturers have recognized the necessity of creating resili-

ent supply chains for manufacturing systems. This study widens the perspective 

on sustainable risk resilience management in elevator manufacturing supply 

chains by considering the principal sustainable supply chain disruption risks, 

resilience capacities, and resilience-enhancing features from a supply chain 

viewpoint. Through an empirical investigation, the key findings are as follows. 

● The top-three sustainable supply chain disruption risks are respectively 

‘unexpected events lead to changes in supplier delivery dates’, ‘typhoon’, 

and ‘lack of critical capacities/skilled employees’. 

● The top-three resilience capacities are respectively agility, capacity, and 

visibility. 

● The top-three resilience-enhancing features are respectively ‘connection of 

the working site and the backstage’ and ‘product development and design 

enhancement’ and ‘real-time sharing of job information’. 

The following are the main contributions of this study are described as fol-

lows: 

Firstly, the integrated FGM–FMEA–FDM–VIKOR framework-based QFD 

approach is proposed to build a supply chain risk resilience that can provide de-

cision support for elevator manufacturing supply chains by integrating MCDM 

and QFD.  

Secondly, sustainable supply chain disruption risks, resilience capacities, 

and resilience-enhancing features are integrated into the framework to investi-

gate and explore the interrelationships between different variables thoroughly, 

which can provide comprehensive insights into constructing feasible resilience 

solutions for sustainable supply chain risk mitigation for elevator manufacturing 

supply chains.  

Thirdly, through the proposed framework, elevator manufacturers can ef-

fectively adjust their strategies, operations, and management for manufacturing 

systems with a clear idea of where to improve their supply chain resilience in 

response to sustainable supply chain disruption risks.  

In terms of related research on resilience before 2020, Lam and Bai (2016) 

adopted a two-stage HoQ to enhance the resilience of maritime supply chains to 

investigate customer requirements, maritime risks and resilience measures, and 

finally determine the priority of the resilient solutions of shipping companies 

[94]. He et al. (2020) also adopt a two-stage HoQ to enhance the resilience of 

white goods supply chains to investigate customer requirements, risk factors, 

and resilience measures and finally determine the effective design of elastic so-

lutions for home appliance companies [95]. All these papers have contributed to 

the study of resilience. Although these papers are all about finding important 

measures for resilience, they do not consider the connection to resilience capaci-

ties. These resilience capacities are important parts of resilience. In addition to 

investigating the relationship between the three groups of variables (sustainable 

supply chain disruption risks, resilience capacities, and resilience-enhancing 

features), this study also places special emphasis on the connection with resili-

ence capacities. Thus, the resilience-enhancing features adopted can be fully 
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correlated with resilience capacities. Through the full discussion between the 

two, we can fully grasp the spirit of resilience and find out important resilience 

measures to improve risk resilience for elevator manufacturing supply chains. 

This study provides two suggestions for future research. Firstly, manufac-

turing systems in different industries can use the framework for risk resilience 

solutions. However, the different characteristics of the industry under examina-

tion must be considered to identify its distinctive risks, which can then be im-

ported into the proposed framework. Finally, a user-friendly decision support 

system can be developed for the framework to enable manufacturers and man-

ufacturing systems to effectively establish supply chain risk resilience and im-

prove the level of automation of related activities. 

The study has some limitations. This study is based on the case company as 

the research object. However, owing to the limitation of time and cost and other 

factors, if the number of companies can be increased, the reference value for the 

industry will be increased. In addition, if the analysis of the resilience-enhancing 

solution can increase the cost and benefit will benefit decision-makers. 
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Table A1. Scholars have proposed internal supply chain risk factors. 

Risk Factors for Internal Disruption (68 Items) A B C D E F G H I J K L M N O P Q R S T U 

P
h

y
si

ca
l 

a
cc

id
en

t 

Damaged handling equipment (stacker, 

crane, elevator) 
● ●  ●    ● ● ●  ●  ●  ● ●  ●   

Damage to operating equipment causing 

temporary or permanent inoperability 
● ●  ●    ● ● ●  ●  ●  ● ●  ● ●  

Storage space damage (outdoor tents, in-

door cabinets) 
● ●  ●    ●           ●  ● 

Damage of air conditioning equipment 

(especially refrigeration space) 
● ●  ●    ●           ●   

Fire (esp. in a warehouse or machine room)        ●              

Improper storage of explosive and flam-

mable materials 
       ●              

Product damage during storage  ●                 ●   

O
p

er
a

ti
n

g
 r

is
k

 

Interruption in administrative/data file 

flow process 
       ●              

Product safety and quality  ● ● ●   ● ● ● ● ● ● ● ●  ● ●   ●  

Reduction or loss of the value of a com-

modity 
       ●              

Inventory increase, longer storage time        ●          ● ●  ● 

Disruption of supply to customers   ●     ●            ●  

Limited supply capacity   ●  ●   ●          ●  ●  

Inventory shortage ● ● ● ●    ●    ● ● ● ●   ●   ● 

Labor not being used efficiently    ●    ● ●    ● ●   ●  ●   

Mission failing to complete        ●           ●   

Improper or incorrect inventory manage-

ment 
       ●         ●   ●  

Unsmooth production due to equipment 

conversion or technical change 
   ●      ●    ●   ●  ● ● ● 

Long lead time and inelastic process ●                     

Reliance on a single supplier, contingencies   ● ●    ● ● ●   ● ●  ● ●     
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leading to delays in delivery 

Elevated work/storage ● ● ● ● ●   ● ● ● ● ● ●        ● 

Insufficient storage space ● ● ● ●    ●   ● ● ● ●     ●   

Spending too much time with bad clients        ●              

Spending too much time and resources on 

bad employees 
       ●              

Poor location (limited storage of goods at a 

given location) 
       ●   ● ● ● ●        

Omitted supervision during operation ● ● ●  ● ● ● ● ● ● ●  ● ●  ● ●    ● 

Unexpected investment required by the 

business prior to maintenance 
       ●              

Lack of spare parts        ●           ●   

Excessive dependence on small customers ● ● ●     ● ● ● ●  ● ● ●       

Abnormal customer order information and 

cognitive errors in the product 
● ●                    

P
er

so
n

n
el

 r
is

k
 

Worsening employee relations        ●              

Improper personal characteristics or poor 

quality of the employee 
   ●    ● ●     ●    ●  ●  

Loss of business records, statements, bills ●       ●              

Lack of staff with key abilities/skills    ●  ● ● ●           ● ● ● 

Employee accidents at work    ●    ● ●     ●        

Employees unfamiliar with how to re-

spond to workplace accidents 
       ●          ● ●   

Internal equipment theft/loss ●   ●    ●              

New employees (unskilled employees) 

cause delays in delivery 
   ●  ● ● ● ● ● ●  ● ●  ● ●  ●   

Negative personnel changes        ●              

Confidential information was leaked by an 

insider 
●  ●     ●              

The employee not managing the equip-

ment professionally or not detecting any 

abnormality in the operation 

   ●    ●  ●    ●   ● ● ● ●  
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Employees not sharing the company’s vi-

sion and not belonging to the company 
       ●              

Low staff morale and increased stress        ●              

Internal strike ● ●  ●    ● ●   ●          

S
tr

a
te

g
ic

 m
a
n

a
g

em
en

t 
ri

sk
s 

Credit losses    ● ● ● ● ●             ● 

Poor product design or manufacturing 

process 
  ●    ● ● ●  ● ●       ●   

Supplier selection/outsourcing risks   ●      ● ● ● ● ● ● ● ● ●     

Short product life cycle ●                     

Wrong management policy and marketing 

strategy 
● ●      ●           ●   

The product price  ● ●    ●               

Management changes or poor organiza-

tional management 
       ● ●  ●   ●  ● ●  ● ● ● 

Incentives not in place or insufficient (bo-

nuses, promotions, etc.) 
       ●              

Improper salary levels    ●    ●  ●    ●   ●     

The problem of joining and cooperation        ●            ●  

Changes in shareholder structure ● ● ● ●    ● ● ● ● ●  ● ● ● ●     

The organization not training staff in time 

(education and training) 
   ●     ●    ● ●   ● ●    

Business interruption (interruption of a 

specific business process, such as ware-

housing, loading, etc.) 

  ●     ●              

Reduced production projects        ● ● ● ●   ● ● ● ●     

In
fo

rm
a

ti
o

n
 s

y
st

em
 

Managers losing contact with employees, 

causing production delays 
       ●             ● 

Introducing or changing IT systems, failure 

to adapt results in reduced efficiency 
   ●    ● ● ● ● ● ● ●  ● ●  ● ●  

Corruption of internal IT infrastructure or 

intrusion of information system (virus, 

software exception) 

● ●  ●    ● ● ● ● ● ● ● ● ● ●  ● ●  
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Inadequate methods, concepts, and tools 

for enterprise information applications 
   ●     ● ●  ● ● ● ● ● ●  ●  ● 

Overreliance on data        ●              

Interference or shutdown of wireless net-

work 
●       ●              

No upstream/downstream communication 

has been established 
   ●    ● ● ●    ●   ●     

Inefficient network communication ●    ●    ● ● ● ● ● ● ● ● ● ●   ● 

Incorrect integration or accuracy of infor-

mation leads to incorrect predictions 
  ● ●     ● ● ● ● ● ● ●  ● ● ●   

Data loss, unable to render information    ●     ●    ● ●  ● ●     

S
ch

o
la

r 

A: Koblen, Ivan et al. (2015) [156]; B: Wagner and Bode(2008) [157]; C: Tang et al. (2011) [48]; 

D:Christopher and Lee (2001) [158]; E: Juttner et al. (2003) [159]; F: Van Landeghem and Vanmaele (2002) 

[160]; G: Alhawari et al. (2012) [49]; H: Jereb et al. (2012) [50]; I: Thun and Hoenig (2011) [47]; J: Moham-

maddust et al. (2015) [54]; K:Song et al. (2015) [52]; L: Ouyang et al. (2015) [161]; M:Isaksson and Seifert et 

al. (2016) [162]; N:Dominguez et al. (2016) [163]; O: Mackelprang and Malhotra. (2015) [164]; P: Cheng et 

al. (2015) [165]; Q: Cao et al. (2014) [51]; R:Helmi et al. (2017) [166]; S:Gautam et al. (2018) [167]; T:Ali et al. 

(2019) [168]; U:Cai et al. (2020) [169]. 

Table A2. Scholars have proposed external supply chain risk factors. 

Risk factors for external disruption (62 items) A B C D E F G H I J K L M N O P Q R S T U 

M
a
n

-m
a

d
e 

d
is

a
st

er
s 

Terrorist attacks  ●      ● ●         ● ● ●  

Forgery, intellectual property risk ●                   ●  

Goods stolen or lost ●   ●    ● ●   ●        ●  

The impact of local events (labor strikes, indus-

trial accidents) leading to supply disruptions or 

loss of production capacity 

● ● ● ●    ● ●           ●  

Air traffic accident        ●              

Power interruption (unexpected interruption of 

power) 
● ●      ● ● ● ●  ● ●        

Gas supply interruption (unexpected interrup-

tion of gas) 
●       ●              
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Exceptions to external IT infrastructure ● ●                 ●   

Outsourced manufacturer did not repair or 

maintain the equipment correctly 
       ●              

Culture, social factors, customs ● ● ●     ●              

A bad or incorrect portrayal of the company by 

the media 
       ●              

S
u

p
p

li
er

s 
m

ee
t 

w
it

h
 c

u
st

o
m

er
s 

Delayed goods due to changes in the supplier’s 

owner or management or policy adjustments 
   ●    ● ● ●  ● ● ● ● ● ●     

Supplier’s raw materials or parts supply inter-

ruption causing the delivery time to be delayed 

or unable to deliver 

● ● ● ●     ● ●   ● ●  ● ●   ●  

Supply quality not being up to standard, need 

to return or reprocessing affecting downstream 

manufacturers or customers 

●  ●    ●  ● ● ● ●  ● ● ● ●     

Unexpected accidents from the supplier lead to 

changes in delivery time 
● ●  ●     ● ●   ● ●  ● ●     

Poor supply capacity of the supplier   ● ● ●    ● ●  ● ● ● ● ● ● ● ● ●  

Relationship with supplier partners   ●                ●   

Without ownership in the supply chain, hori-

zontal integration being incomplete or difficult 

to control 

    ●                 

Financial management ability of partner or 

owner 
  ● ●     ● ●  ● ● ● ● ● ●  ●   

Customer payment being insufficient        ●              

Customers’ temporary change of requirements        ●              

Confusion in customer or supplier relationships        ●            ●  

Insufficient enough information about customer 

orders to fully understand customer needs 
● ●                    

Long delivery date  ●      ●   ● ● ●  ● ●  ●    

Loss of key customers ●                     

Failure to actively communicate when problems 

arise, resulting in cognitive errors between cus-
●   ●    ●  ●    ●        
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tomers and suppliers 

Total cost of purchasing supplier products in-

creased (product cost, logistics cost, quality 

cost) 

   ●     ● ● ●  ● ● ● ● ● ● ●   

Profitability to work with suppliers    ●      ● ●   ●   ●     

Vendor not providing problem resolution and 

support 
   ●      ●  ●  ●        

O
p

er
a

ti
n

g
 r

is
k

 

Unusable repair service (maintenance service 

does not guarantee maintenance or service 

within an acceptable time frame) 

       ●              

Materials moving slowly through the supply 

chain 
  ● ●    ● ● ●  ● ● ● ● ● ●    ● 

Distribution/transport supplier transport 

equipment failure 
● ● ●     ●             ● 

Product being damaged or lost in transit due to 

poor service quality of the logistics company 
 ● ●    ●  ● ● ●  ● ● ● ● ●    ● 

Poor planning of transportation routes leading 

to wasted time and delayed delivery 
        ● ● ●  ● ●  ● ●    ● 

Shipment being wrong and delayed    ●     ● ● ●  ● ● ● ● ●    ● 

L
eg

a
l 

a
n

d
 p

o
li

ti
ca

l 

Legislative or regulatory changes ● ● ● ● ● ● ● ● ● ●  ● ● ●  ● ●   ● ● 

Government instability ● ●  ●  ● ● ● ● ● ●  ● ●  ● ●     

Changes in taxation ●  ● ● ●   ●              

Customs barrier ●  ● ● ●   ● ●             

Customers or manufacturers due to interna-

tional standards, business practices incompati-

ble 

●   ● ●   ●              

Green environmental protection policy         ●           ●  

E
n

v
ir

o
n

m
en

ta
l 

a
n

d
 n

a
tu

ra
l 

d
is

a
st

er
s 

Flood ● ●  ●    ● ●   ● ● ●  ● ● ● ● ● ● 

Earthquake/Tsunami ● ●  ●    ● ●   ● ● ●  ● ● ● ● ● ● 

Typhoon ● ●  ●    ● ●   ● ● ●  ● ● ● ● ● ● 

Lightning ● ●  ●    ● ●   ● ● ●  ● ● ● ● ● ● 

Epidemic disease ● ●  ●    ● ●   ● ● ●  ● ● ● ● ● ● 
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Environmental pollution ● ● ● ●     ●          ● ● ● 

Global warming ● ● ● ●    ● ●          ● ●  

Climate of the four seasons ● ●  ●               ● ●  

Stray animals (birds, insects, etc.)  ●      ●           ● ●  

Excessively high or low ambient temperature  ●  ●    ●           ● ●  

Delivery time being delayed due to an abnor-

mal transportation route (accidents, traffic jams) 
● ●  ●    ● ● ● ●  ● ●     ● ●  

T
h

e 
m

a
rk

et
 t

re
n

d
 

Exposure to adverse market movements (secu-

rities, exchange rates, interest rate spreads) 
●  ●   ● ● ●     ● ● ●  ●  ●  ● 

Economic transformation, recession ● ● ●                   

Human resources, natural resources, capital ● ● ●    ● ●          ● ●  ● 

Unexpected rise or fall in product demand 

(demand fluctuation) 
● ● ●     ●           ● ●  

Threats from competitors ●      ●               

Unfair competition (dumping, etc.)        ●              

New product not being well received by cus-

tomers 
       ● ● ●   ● ●        

Unstable business environment (emerging in-

dustries) 
    ● ● ●             ● ● 

Impact of seasonality and tide on supply and 

demand 
   ●     ● ●    ●  ●  ●  ●  

Fluctuations in energy prices (e.g., fuel, electric-

ity, etc., have a direct effect on operations) 
      ● ●              

S
ch

o
la

r 

A: Koblen, Ivan et al. (2015) [156]; B: Wagner and Bode (2008) [157]; C: Tang et al. (2011) [48]; D:Christopher and 

Lee(2001) [158]; E: Juttner et al. (2003) [159]; F: Van Landeghem and Vanmaele (2002) [160]; G: Alhawari et al. 

(2012) [49]; H: Jereb et al. (2012) [50]; I: Thun and Hoenig (2011) [47]; J: Mohammaddust et al. (2015) [54]; K:Song 

et al. (2015) [52]; L: Ouyang et al. (2015) [161]; M:Isaksson and Seifert et al. (2016) [162]; N:Dominguez et al. (2016) 

[163]; O: Mackelprang and Malhotra. (2015) [164]; P: Cheng et al. (2015) [165]; Q: Cao et al. (2014) [51]; R:Helmi et 

al. (2017) [166]; S:Gautam et al. (2018) [167]; T:Ali et al. (2019) [168]; U:Cai et al. (2020) [169]. 
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Appendix B 

Table A3. The definitions for the chosen resilience capacities. 

Resilience 

capacity 
Definition Reference 

Agility 

Agility is the capability to quickly sense and respond to market dynamics and sus-

tainable customers. In addition, agility emphasizes the ability to sense change, quick-

ly respond to change, quickly reduce product development cycles or total time to 

delivery, quickly improve the level of product customization, quickly improve cus-

tomer level, quickly improve delivery reliability, and quickly improve the ability to 

respond to changing market needs. 

Al-Zabidi et al. (2021) 

[170]; Shekarian et al. 

(2020) [171]. 

Flexibility 

Flexibility is the capability of a firm to respond to long-term or fundamental changes 

in the supply chain and market environment by adjusting the configuration of the 

supply chain. It represents an investment in people skills and infrastructure, a pro-

duction system that can accommodate a wide range of products and flexibility in 

procurement and order fulfillment. 

Shekarian et al. (2020) 

[171]; 

da Silva Poberschnigg 

et al. (2020) [93]; Hos-

seini, S et al. (2019) 

[9]. 

Redun-

dancy 

Redundancy in the supply chain refers to the creation or retention of excess capacity 

or backups throughout the supply chain, using safety stocks to maintain the ability to 

respond to any disruptions in the supply chain in the event of any adverse event. 

Redundancy includes significant and serious utilization of additional stock that can 

be called upon to accommodate emergencies. Redundancy establishes flexibility and 

encourages responsiveness through a flexible way of organizing assets. 

Singh et al. (2019) 

[74]; Yazdanparast et 

al. (2018) [87]. 

Capacity 

As a general business term, capacity in supply chain management refers to an entity’s 

capability to generate output over a predetermined period. It also refers to the availa-

bility of assets that maintain levels of production and the ability of the firm to sur-

vive, adapt, and grow in turbulent change. 

Han et al. (2020) [92]; 

Lucker and Seifert 

(2017) [96]. 

Velocity 

Supply chain speed is the response speed of the supply chain to change. The concept 

of speed is inherent to agility, and speed in risk events determines the amount of loss 

per unit of time. Compared with flexibility, speed places more emphasis on efficiency 

than on the effectiveness of supply chain response and recovery. 

Singh et al. (2019) 

[74]; Kamalahmadi 

and Parast (2016) [72]. 

Efficiency 

Efficiency is the ability to produce output with minimal resource requirements. It is 

described as a comprehensive assessment of quality, delivery, cost, and overall capa-

bility, not only planned and reviewed in relationships, but also measured in relation-

ships. Efficiency means developing interdependence, reliability, and control over 

resources. 

Miocevic (2008) [172]. 

Respon-

siveness 

Ability to identify changes and respond to them quickly, reactively, or proactively, 

and also to recover from them. It is related to market sensitiveness and quick re-

sponse to real demand. It involves the ability of the process to respond to unexpected 

events by moving, stabilizing, and resynchronizing within a reasonable time frame. 

Carvalho et al. (2012b) 

[78]. 

Compe-

tence 

Ability to efficiently and effectively respond to market changes in terms of volume 

and variety. It involves the efficiency/redundancy tradeoff. Capacity and inventories 

can provide a cushion to support an appropriate response to turbulence. However, 

they can hamper improvements in supply chain efficiency. 

Carvalho et al. (2012b) 

[78]. 

Visibility 

Visibility is defined as the identity, location, and status of the entity passing the SC, 

captured in a timely message about events, and the planned and actual date/time of 

those events. SC visibility is also defined as a transparent view of upstream and 

downstream inventories, demand and supply conditions, and production and pro-

curement schedules. Visibility is a mediation tool that allows managers the oppor-

tunity to respond quickly to the effects of disruption or uncertainty, allowing for ac-

curate, ongoing evaluation. 

Hosseini, S et al. 

(2019) [9]; 

Singh et al. (2019) 

[74]. 

Adaptabil-

ity 

Adaptability is the ability of an organization to make changes in its operations to 

meet challenges or seize opportunities. It is characterized by tolerance for the cer-

tainty of progress and the establishment of a framework suitable for adjusting new 

da Silva Poberschnigg 

et al. (2020) [93]; 

Singh et al. (2019) 
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conditions and objectives. If a supply chain has the ability to easily adapt to things, it 

can return to its original or enhanced state after an interruption. 

[74]. 

Anticipa-

tion 

The ability to identify potential future events or situations. Supply chain and opera-

tions managers should anticipate interruptions and prepare the supply chain for any 

anticipated and unexpected changes in the environment. The effects of disturbances 

should be fully understood and the probability of their occurrence must be mini-

mized. To deal with emergencies, an emergency plan should be in place. 

Kamalahmadi and 

Parast (2016) [72]. 

Recovery 

Recovery is the ability to quickly return to normal operating conditions. In other 

words, recovery is the ability to use the supply chain’s absorptive and adaptive capa-

bilities to reduce external effects, minimize disruptions, and return supply chain per-

formance to normal operating conditions in a cost-effective manner. Recovery can be 

measured in terms of recovery time, cost, interruption absorption, and ability to re-

duce the effect of losses. 

Chowdhury and 

Quaddus (2017) [73]. 

Dispersion 

The ability to distribute or disperse assets widely. For manufacturing firms, decen-

tralized manufacturing is the practice of breaking down the manufacturing process 

into multiple stages and distributing them to geographically dispersed locations to 

gain a competitive advantage. Distributed manufacturing greatly increases the com-

plexity of supply chain design and may affect the impact of supply chain risk man-

agement practices on operational performance. 

Abraham Zhang et al. 

(2013) [173]. 

Collabora-

tion 

Collaborative forecasting, relationship management with customers, and internal and 

external communication. A close link exists between this capability and the literature 

on cross-functional integration in relation to formal and informal mechanisms. In a 

supply chain, collaboration simply means that the operation of the supply chain is 

planned and executed jointly by two or more independent enterprises for mutual 

benefit. It involves collaboration across each partner’s core business processes, as well 

as company-specific demand and supply-side issues. 

da Silva Poberschnigg 

et al. (2020) [93]; Hos-

seini, S et al. (2019) 

[9]; Singh et al. (2019) 

[74]. 

Market 

position 

Market position is the state of an organization or its products, variable costs, and 

customer willingness. A stronger market position can lead to benefits from resources 

on a wide basis. Having a strong market position can build the ability of the associa-

tion and help to maintain the relationship with customers. 

Singh et al. (2019) 

[74]; Yazdanparast et 

al. (2018) [87]. 

Infor-

mation 

sharing 

Information sharing is the sharing of information in advance or in real-time about any 

events that may or have occurred in an organization’s assets or a particular part of the 

supply chain. Information sharing can help supply chains reduce risks in the event of 

disruption and reduce the bullwhip effect. It also helps managers make better deci-

sions to increase the profitability of the supply chain. 

Hosseini, S et al. 

(2019) [9]. 

Security 

Safety is an essential element of any supply chain and should be designed in advance 

to minimize disruption. Developing security in operations means protecting one’s 

company from the different types of failures associated with human outages, whether 

they be cyber or physical. Security can be enhanced by working with supply chain 

partners and public–private partners. 

Singh et al. (2019) 

[74]; Karl et al. (2018) 

[89]. 

Financial 

strength 

Financial strength is the ability to absorb fluctuations in cash flow. In a supply chain, 

financial strength can be defined as the ability to optimally plan, manage, and control 

supply chain cash flow to facilitate efficient material flow in the supply chain. At the 

same time, it is also the capital resources for enterprises to enter the market. 

Chowdhury and 

Quaddus (2017) [73]; 

Pettit et al. (2013) [79]. 

Product 

steward-

ship 

Flexible production arrangements according to order quantity and production sched-

ule have the ability to produce and supply new products to different customer 

groups. The ultimate goal of product stewardship is to minimize the effect of the 

product on the environment during its life cycle. 

Kamalahmadi and 

Parast (2016) [72]. 

Risk 

awareness 

Many risks cannot be predicted or avoided, but vulnerabilities can be mitigated by 

anticipating, monitoring, and mitigating risks, thereby leading managers to minimize 

the risk of supply disruptions. Suppliers should be aware of the different levels of 

risk, such as those related to assets, processes, organizations, and environments. Risk 

awareness helps them to act in an emergency, improving the resilience of suppliers. 

Karl et al. (2018) [89]；

Rajesh and Ravi 

(2015) [80]. 

Knowledge 

Understanding supply chain operations, needs and threats, as well as human and 

capital resources, is a key element in creating a resilient supply chain. This process 

involves the use and utilization of existing knowledge within the organization. Re-

Karl et al. (2018) [89]; 

Reinmoeller and Van 

Baardwijk (2005) [73]. 
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sponsibility for such innovation strategies usually rests with the top management of 

knowledge creation and protection programs, as well as with units that promote 

knowledge management, such as human resources or information technology. 
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