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Abstract


In recent years, Failure Mode and Effects Analysis (FMEA) has become an essential preventive tool widely applied across various fields. As a structured system analysis method, FMEA aids in identifying potential failure modes in product or process design, allowing for preventive measures to be taken in advance. However, traditional FMEA has certain limitations, as it does not comprehensively consider all potential failure factors. This study proposes an improved FMEA method that addresses these shortcomings by integrating it with a Multiple-Criteria Decision Making (MCDM) model, thereby enhancing the comprehensiveness of the assessment framework. Notably, this research introduces an economic risk factor—Expected Cost (EC)—to make the analysis results more aligned with real-world conditions. Additionally, to manage the uncertainty in expert opinions, this study applies Interval Type-2 Trapezoidal Fuzzy Numbers (IT2TFNs) and combines them with the Best-Worst Method (BWM) to calculate the weights of risk factors. Furthermore, the Decision-Making Trial and Evaluation Laboratory (DEMATEL) method is employed to explore the interrelationships between failure modes. Finally, the Multi-Attribute Ideal-Real Comparative Analysis (MAIRCA) method is used to rank risk factors, determining the priorities for improvement. This paper uses an air purifier as a case study to validate the effectiveness of the improved FMEA method, successfully addressing the shortcomings of traditional FMEA regarding uncertainty in expert opinions and the calculation of Risk Priority Numbers (RPNs). It provides a more practical and accurate risk assessment framework.
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1. Introduction


Risk and uncertainty factors are often present in the engineering industry, with many factors potentially leading to failures and accidents. Past studies have proposed several methods, such as Fault Tree Analysis (FTA), Hazard and Operability Study (HAZOP), Event Tree Analysis (ETA) and Failure Mode and Effects Analysis (FMEA), to understand risks and prevent the recurrence of accidents [1]. Among these, FMEA is an effective and straightforward preventive tool, crucial in product analysis and design. It has become one of the most popular structured risk assessment methods in recent years [2], aiding in identifying potential failures in product or process design, recognizing all possible failures in design, manufacturing, or assembly processes and evaluating their impact on the system and their causes. Engineers widely use FMEA as a risk assessment tool.



FMEA, as a reliability analysis and risk management technique, was first applied in the U.S. aerospace industry in the 1950s [3], originally to address reliability issues in military products. With the ongoing pursuit of product quality improvement, FMEA has been widely applied across various fields, including the aerospace, maritime, manufacturing and chemical industries [4].



Traditional FMEA primarily analyzes three risk factors: Severity (S), Occurrence (O) and Detection (D) [5]. A corresponding value ranging from 1 (no danger) to 10 (critical) is assigned for each effect. The product of these factors is the Risk Priority Number (RPN). This value helps engineers prioritize failure modes and their effects based on RPN. If the RPN value of a particular effect is high, action should be considered to eliminate the failure mode or protect users from its impact by modifying the design. The larger the RPN value, the greater the potential issue, necessitating prioritization. While the RPN has proven to be a simple and feasible method in FMEA, it has also been criticized by many experts, who have pointed out several drawbacks and raised concerns, such as the following:




	(1)

	
Whether the risk factors considering only Severity (S), Occurrence (O) and Detection (D) are sufficiently comprehensive.




	(2)

	
The multiplication method used to calculate the RPN makes the resulting value highly sensitive to risk factors S, O and D changes.




	(3)

	
Different ratings of S, O and D can potentially lead to the same RPN value.









This study proposes an improved FMEA framework to address traditional FMEA’s shortcomings. Research by Liu et al. [6] has shown that over the past 20 years, the integration of FMEA with Multiple-Criteria Decision-Making (MCDM) methods has become an effective tool for enhancing system quality and has been widely applied across various industries. In recent years, scholars have further introduced fuzzy MCDM to tackle uncertainty and complexity [7].



Traditional FMEA calculates the Risk Priority Number (RPN) based on three risk factors: Severity (S), Occurrence (O) and Detection (D). However, it does not consider critical risk factors such as Expected Cost, so may lead to biased results. Therefore, this study introduces additional risk factors to improve the reliability of failure mode ranking and proposes a more comprehensive model that combines FMEA with MCDM.



In addition to the inadequate consideration of risk factors, traditional FMEA fails to address the issue of risk factor weights and oversimplifies the calculation of RPN, leading to cases where different risks result in the same RPN value [5]. This study proposes the use of the Best-Worst Method (BWM) to determine the weights of risk factors and Multi-Attribute Ideal-Real Comparative Analysis (MAIRCA) for calculating RPN. BWM is currently one of the most effective methods for weight determination, Compared to other methods, like Analytical Hierarchy Process (AHP), it needs fewer pairwise comparisons and provides more stable and consistent results [8]. MAIRCA, by considering the gap between actual and ideal values, yields more stable ranking results [9]. Previous studies have rarely discussed the influence between failure modes. To broaden the scope of the investigation, this study also applies the Decision-Making Trial and Evaluation Laboratory (DEMATEL) method to analyze the influences between failure modes. DEMATEL is widely used to explore the relationships among factors [10] and it is integrated with fuzzy theory to address uncertainty in decision-making [11]. Furthermore, FMEA analysis primarily relies on expert judgment, which can vary due to differences in knowledge, background and the information received. Risk assessment is conducted under diverse conditions and for various purposes, often accompanied by different types of uncertainty [12]. To address this issue, this study adopts Interval Type-2 Trapezoidal Fuzzy Numbers (IT2TFNs) to overcome the uncertainty and inconsistency of expert judgments [13]. IT2TFNs, sometimes called Interval Type-2 Fuzzy (IT2F), offer greater flexibility compared to traditional triangular or trapezoidal fuzzy numbers, allowing for more accurate expert input. In summary, the model proposed in this study combines IT2TFNs and MCDM methods to effectively overcome the shortcomings of traditional FMEA. The specific contributions include the following:




	(1)

	
Develop a systematic MCDM model that enhances the traditional FMEA assessment framework.




	(2)

	
Incorporate economic risk factors, such as Expected Cost (EC), to align the assessment more with real-world conditions.




	(3)

	
Introduce Interval Type-2 Trapezoidal Fuzzy Numbers (IT2TFNs) to address the uncertainties in expert evaluations.




	(4)

	
Consider the weights of risk factors and provide a more reasonable method for RPN calculation.




	(5)

	
Explore the cause-and-effect relationships between failure modes, which can effectively identify the root causes for remediation.









The remaining sections of this paper are organized as follows: Section 2 provides a brief introduction to the concept of FMEA and relevant studies incorporating MCDM. Section 3 explains the proposed model. Section 4 presents a case study, Section 5 discusses the results and the conclusion is presented in Section 6.




2. Literature Review


2.1. Failure Mode and Effect Analysis (FMEA)


Gugaliya et al. [14] noted that FMEA was created by the U.S. Air Force in the 1950s and was initially used to assess the failure probability and causes of failure in ejection devices for fighter pilots. This method employed reverse thinking for risk testing, which significantly enhanced the performance of U.S. Air Force aircraft. Subsequently, it was officially adopted as a military reliability assessment tool to prevent the effects of system and equipment failures. The U.S. Navy also established the application of this method in 1974.



In the recent literature, traditional FMEA analysis has faced various criticisms, leading to the development of several methods to address these shortcomings. These methods can be broadly categorized into the following five types [6]:




	(1)

	
Multiple-Criteria Decision-Making (MCDM) Methods (e.g., AHP, TOPSIS, VIKOR);




	(2)

	
Fuzzy logic and its variants (e.g., Rule-based, Interval-based);




	(3)

	
Artificial intelligence-based methods (e.g., Case-Based Reasoning);




	(4)

	
Hybrid methods;




	(5)

	
Other methods.









Among the methods mentioned above, MCDM is the most commonly used. This is because MCDM provides various approaches for determining the weight of risk factors and offers different ranking methods to calculate RPN values, thus addressing the shortcomings of traditional FMEA.



In FMEA, the RPN is used to determine the priority for improving failure modes. The RPN is calculated by multiplying the scores of three risk factors—Severity (S), Occurrence (O) and Detection (D)—as shown in Equation (1). A higher RPN value indicates a greater risk associated with that failure mode, which requires prioritization. Therefore, the calculation of the RPN helps identify and address failure modes that are both likely to occur and have severe consequences. In traditional FMEA, each failure mode is scored on a scale of 1 to 10 for the three factors, S, O and D, with higher numbers indicating greater risk. A detailed scoring system is provided in Table 1.


  R P N = S × O × D  



(1)







FMEA has been widely adopted in recent years due to its simplicity and ease of use. However, the recent literature has highlighted several major shortcomings of traditional FMEA, including the following:



In traditional FMEA, the RPN is calculated by multiplying three risk factors (RFs). However, these factors and their scales are not linear, leading to logical inconsistencies in the method. Different combinations of RFs can result in the same RPN values, which may cause inherent risks to be inadequately addressed. The traditional RPN calculation does not consider the interrelationships between RFs, yet in real-world scenarios, these relationships are crucial for accurate risk assessment. The interpretation of RFs, particularly severity, is not comprehensive enough and more dimensions need to be considered to better reflect real-world conditions.




2.2. Integration of FMEA and MCDM


There have been many studies of combining FMEA and MCDM in various fields. Sharifi et al. [16] proposed integrating FMEA with the TOPSIS method to identify and prioritize risks in processes. This approach was used to develop strategies for mitigating risks in the food industry based on project management criteria, the strengths and weaknesses of the company and expert opinions. Similarly, Yazir [17] applied a method combining Intuitionistic Fuzzy Sets (IFS) with TOPSIS to model fixed fire suppression systems in dry bulk cargo ship holds. This approach addresses the issue of information uncertainty, thereby enhancing the model’s flexibility and optimizing the fire suppression systems. Boral et al. [18] developed a framework for assessing the effectiveness of hybrid vehicles, focusing on five factors: environmental, social, economic, occurrence opportunity and detection opportunity. Using a processing plant gearbox as a case study, they were the first to discuss the consequences of industrial equipment failure modes from a sustainability perspective. Shabani et al. [19], on the other hand, employed the Delphi method to consult with experts and established 21 evaluation criteria based on six dimensions: comfort, accessibility, time, payment, security and environmental impact. They then combined the Best-Worst Method (BWM) with fuzzy TOPSIS to propose a calculation framework for assessing customer satisfaction with five public transportation options in Tehran during the COVID-19 pandemic.



Rezaei [8] introduced a Multiple-Criteria Decision-Making method known as the Best-Worst Method (BWM), which determines the importance of criteria through two sets of pairwise comparisons, offering a concise and reliable approach to weight calculation. Yang et al. [20] studied the necessary strategies for developing a sustainable financial system by using Gaussian fuzzy DEMATEL analysis to examine 11 factors affecting the effectiveness of alternative solutions, identifying key factors and their interrelationships. Mohandes et al. [21] proposed a novel hybrid fuzzy method in an Interval-Valued Intuitionistic Fuzzy (IVIF) environment to evaluate the significance of occupational health hazards across various sectors of Repair, Maintenance, Minor Alteration and Addition (RMAA). The study focused on experienced experts in Hong Kong and explored four main dimensions related to RMAA: personnel, worksites, management and government.



Chatterjee et al. [22] highlighted that with the increasing popularity of lightweight vehicles, lightweight environmentally friendly materials (LWEFMs) have gained significant attention in the automotive industry due to their high corrosion resistance, dimensional stability, energy efficiency and sustainability. The study used the Entropy method to calculate the weights of 13 automotive application criteria and ranked 17 candidate materials using the MAIRCA method to select the best material. Ayadi et al. [23], from a sustainability perspective, proposed a new Fuzzy Composite Index Model, using Sfax, Tunisia, as a case study to analyze five sustainability criteria: technical, economic, social, environmental and political. The study first used the Fuzzy Full Consistency Method (F-FUCOM) to determine the weights of the criteria, then compared Fuzzy F-MAIRCA with the Fuzzy Preference Ranking Organization Method for Enrichment Evaluation (F-PROMETHEE) to validate the robustness of the model. The novelty of this study lies in assessing the sustainability of logistics platform locations, providing support for decision-makers in selecting optimal logistics sites.



Over the past decade, the BWM has been widely applied due to its ability to reduce the issues associated with pairwise comparisons and provide more consistent weights. The DEMATEL method helps in understanding the causal relationships and relative importance among risk factors, leading to more precise decision-making. The MAIRCA method is used to evaluate key failure modes, ranking them based on the gap between theoretical and practical considerations, thus validating the robustness of the model. This study integrates BWM, DEMATEL and MAIRCA within an Interval Type-2 Fuzzy (IT2F) environment to analyze key failure modes based on FMEA, addressing the shortcomings of traditional models.




2.3. Interval Type-2 Trapezoidal Fuzzy Numbers, IT2TFNs


In real life, there are often numerous factors that lead to inaccurate and uncertain information. These factors may take the form of incompleteness, unreliability, ambiguity and other issues. To address these challenges, experts incorporated Fuzzy Set Theory. In 1965, Lotfi A. Zadeh introduced the Type-1 Fuzzy Set [24] and in 1975, he proposed the Type-2 Fuzzy Set [25]. Type-1 Fuzzy Sets are used to quantify uncertainty within individuals, whereas interval Type-2 Fuzzy Sets account for both intra-personal and inter-personal uncertainties. This development was designed to handle greater levels of uncertainty by incorporating uncertainties regarding membership functions into Fuzzy Set Theory [26]. Type-1 Fuzzy Sets use fixed membership functions, where membership grades range from 0 to 1, representing limited uncertainty and fuzziness. In contrast, Type-2 Fuzzy systems employ fluctuating membership functions represented as fuzzy values. In Type-2 Fuzzy Sets, a third dimension is introduced, called the Footprint of Uncertainty (FOU). The FOU is the region bounded by the upper membership function and the lower membership function, offering greater flexibility to model uncertainty [27].




2.4. BWM, DEMATEL and MAIRCA


In 2015, Rezaei proposed a Multiple-Criteria Decision-Making method to evaluate the importance of each criterion relative to others, known as the Best-Worst Method (BWM). Compared to AHP, BWM effectively reduces the number of pairwise comparisons and improves consistency. It has been successfully applied in various fields, such as Municipal Solid Waste Management [28], satisfaction evaluation of public transportation [19] and decision-making for purchasing second-hand aircraft [29], etc. The traditional BWM does not account for uncertainty in decision-making. In recent years, the development of “fuzzy BWM” has optimized this approach [30]. Fuzzy BWM has gained attention in many fields, including gas selection [31], supplier selection [30] and supplier evaluation [32]. The Decision Making and Trial Evaluation Laboratory (DEMATEL) method, invented by the Battelle Memorial Institute in Geneva, is an analytical approach used to explore complex system relationships through visual analysis with structural matrices [33]. DEMATEL has been applied in numerous areas. According to Koca and Yıldırım [34], a review of 1963 publications from 1999 to 2020 revealed that DEMATEL is highly active in applications. It is also well-suited for integration with other models across various fields [33]. The development of MAIRCA (Multi-Attribute Ideal-Real Comparative Analysis) contributes to overcoming the limitations of TOPSIS [35]. It has been used in decision-making problems related to“selection”, such as vaccine selection [36], flood susceptibility assessment [37] and livable city evaluations [38], etc.





3. Methodology


This section introduces the definitions and formulas of the hybrid MCDM methods used, along with a detailed description of the research steps. The study model integrates IT2F-BWM with IT2F-DEMATEL and IT2F-MAIRCA, applying them to FMEA for analyzing key failure modes. Through discussions with design engineers about the system assembly, critical items were selected and their potential failure modes were identified. The detailed process is illustrated in Figure 1.



Given the challenges identified in previous studies and existing solutions, this research proposes an improved MCDM method for evaluating the FMEA failure analysis of an air purifier. The study determines the prioritized ranking of failure modes by referencing semantic scales from the literature and calculating expert-weighted factors. The research process is illustrated in Figure 1 and divided into three main stages:




	(1)

	
Determining Failure Modes (FMs) through expert consultation: Experts identify the Failure Modes and discuss the best and worst risk factors. A questionnaire is then designed and the Interval Type-2 Fuzzy Best-Worst Method (IT2F-BWM) is used to calculate the respective weights of the risk factors.




	(2)

	
Structural correlation analysis using IT2F-DEMATEL: The Interval Type-2 Fuzzy Decision-Making and Trial Evaluation Laboratory (IT2F-DEMATEL) method is employed to conduct a structural correlation analysis. This analysis helps to understand the causal relationships between the failure modes and derive their relative influence degrees.




	(3)

	
Final failure mode prioritization using IT2F-MAIRCA: Interval Type-2 Fuzzy Multi-Attribute Ideal-Real Comparative Analysis (IT2F-MAIRCA) is used to calculate the gap between ideal and actual values, leading to the final prioritization of failure modes.









3.1. Define Key Risk Factors


Traditional FMEA typically considers only three risk factors: Severity (S), Occurrence (O) and Detection (D). However, this approach is often regarded as not sufficiently comprehensive. To address this, following the approach of [39], this study introduces Expected Cost (EC) from an economic perspective as an additional risk factor to reflect the true risk scenario more accurately.



3.1.1. Severity (S)


Severity measures the extent of the impact that a failure mode has on the system’s functionality and is considered a gradation concept. When a failure mode occurs, its effect on the system’s failure is evaluated based on severity, with assessment values ranging from 1 (no danger) to 10 (extremely dangerous). The higher the severity scale, the more serious the consequences of the failure mode. In the study by [40], an IT2F semantic scale was used, corresponding to different severity levels and indicators.




3.1.2. Occurrence (O)


Occurrence measures the frequency of a failure mode occurring. This assessment derives from data on similar products or processes and recorded instances of related failure modes. A higher occurrence scale indicates a greater probability of the failure mode occurring, signifying a more serious potential issue that demands prompt action to protect users from its impact.




3.1.3. Detection (D)


Detection measures the likelihood of identifying or discovering a failure mode during design tests and inspections. After identifying a failure mode, testing the effectiveness of preventive measures through design verification and appropriate checks becomes necessary. A higher detection scale indicates that detecting the failure is easier; conversely, a lower scale suggests more difficulty in detecting the failure, resulting in a relatively higher risk.




3.1.4. Expected Cost (EC)


In risk management, economic risk factors are often overlooked, but labor and equipment costs should be considered. Expected Cost refers to the estimated design costs required when a failure occurs. Ignoring this factor can lead to poor decision-making. Therefore, this study introduces Expected Cost as an additional risk factor to more accurately reflect failure situations. Celik et al. [40] used an IT2F semantic scale, corresponding to different levels of risk factors.





3.2. Interval Type-2 Trapezoidal Fuzzy Sets


Due to the uncertainty and imprecision that often arise when decision-makers operate with limited information and cognitive constraints, using precise values may not accurately capture their intentions. To address this, linguistic variables are employed to better reflect everyday situations during evaluations. Zadeh [25] introduced Interval Type-2 Fuzzy Sets as an extension of Type-2 Fuzzy Sets, which mainly include Interval Type-2 Triangular Fuzzy Sets and Interval Type-2 Trapezoidal Fuzzy Sets (IT2FSs).



An IT2F number can be defined as in Equation (2).


   A i  = (  A i U  ,    A i L  ) =       (  a  i 1  U  ,    a  i 2  U  ,    a  i 3  U  ,    a  i 4  U  ;    H 1  (  A i U   ) ,     H 2  (  A i U  ) )    ,        (  a  i 1  L  ,    a  i 2  L  ,    a  i 3  L  ,    a  i 4  L  ;    H 1  (  A i L   ) ,     H 2  (  A i L  ) )        



(2)




where the    a  i 1  U  ,    a  i 2  U  ,    a  i 3  U  ,    a  i 4  U  ,    a  i 1  L  ,    a  i 2  L  ,    a  i 3  L  ,    a  i 4  L    are the reference points in x,    H j  (  A i U  )   is the degree of membership (height) in the upper trapezoidal member function and    H j  (  A i L  )   is the degree of membership (height) in the lower trapezoidal member function. The expected value of an IT2F number A is shown in Equation (3).


  E ( A ) =   1 2           1 4       ∑  i = 1  4        a i L  +  a i U        ×     1 4             ∑  i = 1  2        H i    (  A L  ) +  H i    (  A U  )          



(3)








3.3. IT2F-BWM


Rezaei [8] developed the Best-Worst Method (BWM), an MCDM method that reduces the number of pairwise comparisons and complexity. Altay et al. [41] pointed out that the IT2F-BWM was first proposed by Wu et al. [42]. Their study applied this method to decision-making for green supplier selection, demonstrating that the proposed IT2F-BWM requires fewer pairwise comparisons than Fuzzy AHP and achieves more reliable weights compared to both Fuzzy BWM and BWM. So, this study integrates IT2FS with the BWM. After experts select the best and worst criteria, their evaluations are converted into IT2FS and the weights are calculated. The steps of the IT2F-BWM are as follows:



Step 1. Identify a set of decision criteria  n , where the criteria   (  c 1  ,    c 2  ,   ... ,    c n  )   are used to calculate the importance weights.


   E ≈  =              e  11    ≈         e  12    ≈     ⋯       e  1 n    ≈           e  21    ≈         e  22    ≈     ⋯       e  2 n    ≈       ⋮   ⋮   ⋱   ⋮         e  n 1    ≈         e  n 2    ≈     ⋯       e  n n    ≈         



(4)







   e  i j     represents the IT2F preference degree of criterion  i  relative to criterion  j .



Step 2. The decision-maker identifies the best and worst criteria.



Step 3. Use IT2FS to determine the preference of the best criterion over all other criteria, generating the BO (Best-to-Others) vector.


     E B   ≈  =     (    e  B 1    ≈  ,      e  B 2   ,  ≈    ... ,      e  B n    ≈  )  



(5)




where      e  Bj    ≈    denotes the preference of the best criterion  B  for criterion  j ,      e  BB    ≈  =     ( ( 1 ,   1 ,   1 ,   1 ;   1 ,   1 ) ,   ( 1 ,   1 ,   1 ,   1 ;   0.9 ,   0.9 ) )  .



Step 4. Use IT2FS to determine the preferences of all criteria with respect to the worst criterion, generating the OW vector.


     E W   ≈  = (    e  1 W    ≈  ,      e  2 W   ,  ≈    ... ,      e  n W    ≈  )  



(6)




where      e  j W    ≈    denotes the preference of criterion  j  over the best criterion  W ,      e  W W    ≈  =     ( ( 1 ,   1 ,   1 ,   1 ;   1 ,   1 ) ,   ( 1 ,   1 ,   1 ,   1 ;   0.9 ,   0.9 ) )  .



Step 5. Getting the best weights   (  w 1 *  ,    w 2 *  ,   ... ,    w n *  )  .



In this process, the center of the region gets utilized. Consistency indicators are utilized to calculate consistency ratios [8]. The larger    δ *    is, the higher the consistency ratio.



Maximize the absolute difference   |    w B   ≈  /    w j   ≈  −    E  B j    ≈  |   and   |    w j   ≈  /    w W   ≈  −    E  j W    ≈  |  . It is better to minimize the objective function, the detailed model is shown as follows:


     min   max    |    w B   ≈  /    w j   ≈  −    E  B j    ≈  | ,   |    w j   ≈  /    w W   ≈  −    E  j W    ≈  |       s . t .         ∑  j = 1  n   C O A (    w j   ≈   ) = 1           w  j 1  U  ≤  w  j 1  L  ,    w  j 4  L  ≤  w  j 4  U         w  j 1  L  ≤  w  j 2  L  ≤  w  j 3  L  ≤  w  j 4  L         w  j 1  U  ≤  w  j 2  U  ≤  w  j 3  U  ≤  w  j 4  U         w  j 1  U  ≥ 0 ,   j  = 1 ,     2 ,    … ,   N          



(7)







In Equation (7), the objective function for minimization of the maximum value is transformed into a linear objective function for calculation and the transformed minimization objective function shown in the following model.


       min     δ *      s . t .       |    w  B 1     ≈ U   −    w  j 4     ≈ U      w  B j , 1     ≈ U   | ≤  δ *  ,   |    w  B 2     ≈ U   −    w  j 3     ≈ U      w  B j , 2     ≈ U   | ≤  δ *  ,      |     w  B 3     ≈ U   −    w  j 2     ≈ U      w  B j , 3     ≈ U   | ≤  δ *  ,   |    w  B 4     ≈ U   −    w  j 1     ≈ U      w  B j , 4     ≈ U   | ≤  δ *  ,       |    w  B 1     ≈ L   −    w  j 4     ≈ L      w  B j , 1     ≈ L   | ≤  δ *  ,   |    w  B 2     ≈ L   −    w  j 3     ≈ L      w  B j , 2     ≈ L   | ≤  δ *  ,       |    w  B 3     ≈ L   −    w  j 2     ≈ L      w  B j , 3     ≈ L   | ≤  δ *  ,   |    w  B 4     ≈ L   −    w  j 1     ≈ L      w  B j , 4     ≈ L   | ≤  δ *  ,       |    w  j 1     ≈ U   −    w  W 4     ≈ U      w  j W , 1     ≈ U   | ≤  δ *  ,   |    w  j 2     ≈ U   −    w  W 3     ≈ U      w  j W , 2     ≈ U   | ≤  δ *  ,       |    w  j 3     ≈ U   −    w  W 2     ≈ U      w  j W , 3     ≈ U   | ≤  δ *  ,   |    w  j 4     ≈ U   −    w  W 1     ≈ U      w  j W , 4     ≈ U   | ≤  δ *  ,       |    w  j 1     ≈ L   −    w  W 4     ≈ L      w  j W , 1     ≈ L   | ≤  δ *  ,   |    w  j 2     ≈ L   −    w  W 3     ≈ L      w  j W , 2     ≈ L   | ≤  δ *  ,       |    w  j 3     ≈ L   −    w  W 2     ≈ L      w  j W , 3     ≈ L   | ≤  δ *  ,   |    w  j 4     ≈ L   −    w  W 1     ≈ L      w  j W , 4     ≈ L   | ≤  δ *  ,         ∑  j = 1  n   C O A (    w j   ≈   ) = 1           w  j 1  U  ≤  w  j 1  L  ,    w  j 4  U  ≤  w  j 4  L  ,        w  j 1  L  ≤  w  j 2  L  ≤  w  j 3  L  ≤  w  j 4  L         w  j 1  U  ≤  w  j 2  U  ≤  w  j 3  U  ≤  w  j 4  U           w j U  ≥ 0 ,    w j L  ≥ 0 ,     j  = 1 ,     2 ,    … ,   N            



(8)







The minimum objective function model in Equation (8) provides the optimal weights.




3.4. IT2F-DEMATEL


In this step, the IT2F-DEMATEL method is applied to obtain the causal relationship between the failure modes. The DEMATEL technique was first developed by the Geneva Research Centre of the Battelle Memorial Institute to visualize the structure of complicated causal relationships through matrixes or digraphs [33,43]. To analyze different failure modes using the developed causal diagram, the IT2F-DEMATEL steps are as follows:



Step 1: Create an average IT2F impact correlation matrix (Average IT2F Initial Direct Correlation Matrix).



At first,  k  experts   ( l = 1 ,   2 ,   ... ,   k )   are required to perform linguistic judgment on m failure modes and then populate the influence matrix.


   Z  ( l )   =      0     Z  12   ( l )      ⋯     Z  1 m   ( l )          Z  21   ( l )      0   ⋯     Z  2 m   ( l )        ⋮   ⋮   ⋱   ⋮       Z  m 1   ( l )        Z  m 2   ( l )      ⋯   0       



(9)






   Z =      0     Z  12      ⋯     Z  1 m          Z  21      0   ⋯     Z  2 m        ⋮   ⋮   ⋱   ⋮       Z  m 1        Z  m 2      ⋯   0        



(10)







Step 2. Calculate the normalized average IT2F-influence correlation matrix (IT2F initial direct correlation matrix).



The elements of  Z  get rearranged according to their affiliation functions. For the reader’s understanding, the heights of IT2FN are not considered in the subsequent representation, as they have no influence on the final solution. Thus, a total of eight   m   ×   m   matrices result.


   Z   a U   ′  =      0     a  12    U ′       ⋯     a  1 m    U ′           a  21    U ′       0   ⋯     a  2 m    U ′         ⋮   ⋮   ⋱   ⋮       a  m 1    U ′         a  m 2    U ′       ⋯   0      ,    Z   b U   ′  =      0     b  12    U ′       ⋯     b  1 m    U ′           b  21    U ′       0   ⋯     b  2 m    U ′         ⋮   ⋮   ⋱   ⋮       b  m 1    U ′         b  m 2    U ′       ⋯   0      ,   ⋯ ,    Z   d L   ′  =      0     d  12    L ′       ⋯     d  1 m    L ′           d  21    L ′       0   ⋯     d  2 m    L ′         ⋮   ⋮   ⋱   ⋮       d  m 1    L ′         d  m 2    L ′       ⋯   0       



(11)







As noted in Equation (10)    Z   d U   ′    includes the maximum element used to calculate the positive normalization coefficient   (  n c  )  . The positively normalized direct-relation matrix is presented in Equation (12).


  Y =        y  11        y  12      ⋯     y  1 m          y  21        y  22      ⋯     y  2 m        ⋮   ⋮   ⋱   ⋮       y  m 1        y  m 1      ⋯     y  m m          



(12)






    y  i j   =     Z  i j      n c     =       (     Z   a  i j  U   ′     n c     ,       Z   b  i j  U   ′     n c     ,       Z   c  i j  U   ′     n c     ,       Z   d  i j  U   ′     n c     ;    H 1  (  Z  i j  U   ) ,     H 2  (  Z  i j  U  ) )    ,      (     Z   a  i j  L   ′     n c     ,       Z   b  i j  L   ′     n c     ,       Z   c  i j  L   ′     n c     ,       Z   d  i j  L   ′     n c     ;    H 1  (  Z  i j  L   ) ,     H 2  (  Z  i j  L  ) )           



(13)






    n c  = max     max   1 ≤ i ≤ m     ∑  j = 1  m    Z   d  i j  U   ′    ,     max   1 ≤ j ≤ m     ∑  i = 1  m    Z   d  i j  U   ′        



(14)







Step 3. Calculate IT2F—Total Relationship Matrix.


   Y   a U    ″   =      0     a  12    U  ′ ′        ⋯     a  1 m    U  ′ ′            a  21    U  ′ ′        0   ⋯     a  2 m    U  ′ ′          ⋮   ⋮   ⋱   ⋮       a  m 1    U  ′ ′          a  m 2    U  ′ ′        ⋯   0      ,    Y   b U    ″   =      0     b  12    U  ′ ′        ⋯     b  1 m    U  ′ ′            b  21    U  ′ ′        0   ⋯     b  2 m    U  ′ ′          ⋮   ⋮   ⋱   ⋮       b  m 1    U  ′ ′          b  m 2    U  ′ ′        ⋯   0      ,   ⋯ ,    Y   d L    ″   =      0     d  12    L  ′ ′        ⋯     d  1 m    L  ′ ′            d  21    L  ′ ′        0   ⋯     d  2 m    L  ′ ′          ⋮   ⋮   ⋱   ⋮       d  m 1    L  ′ ′          d  m 2    L  ′ ′        ⋯   0       



(15)






   T =        t  11        t  12      ⋯     t  1 m          t  21        t  22      ⋯     t  2 m        ⋮   ⋮   ⋱   ⋮       t  m 1        t  m 1      ⋯     t  m m           



(16)




where


   t  i j   =           (  a  i j    U  ′ ′ ′     ,    b  i j    U  ′ ′ ′     ,    c  i j    U  ′ ′ ′     ,    d  i j    U  ′ ′ ′     ;    H 1  (  t  i j  U   ) ,     H 2  (  t  i j  U  ) )  ,        (  a  i j    L  ′ ′ ′     ,    b  i j    L  ′ ′ ′     ,    c  i j    L  ′ ′ ′     ,    d  i j    L  ′ ′ ′     ;    H 1  (  t  i j  L   ) ,     H 2  (  t  i j  L  ) )        










     a  i j    U  ″ ′           =      Y   a U    ″   ×         1 −  Y   a U    ″       − 1   ,      b  i j    U  ″ ′           =      Y   b U    ″   ×         1 −  Y   b U    ″       − 1   ,      c  i j    U  ″ ′           =      Y   c U    ″   ×         1 −  Y   c U    ″       − 1   ,      d  i j    U  ″ ′           =      Y   d U    ″   ×         1 −  Y   d U    ″       − 1   ,  










     a  i j    L  ″ ′           =      Y   a L    ″   ×         1 −  Y   a L    ″       − 1   ,      b  i j    L  ″ ′           =      Y   b L    ″   ×         1 −  Y   b L    ″       − 1   ,      c  i j    L  ″ ′           =      Y   c L    ″   ×         1 −  Y   c L    ″       − 1   ,      d  i j    L  ″ ′           =      Y   d L    ″   ×         1 −  Y   d L    ″       − 1    











Step 4. The summed row and column relational matrices are denoted as  D  and  R , respectively.


    D i  =       ∑  j = 1  m    t  i j         for     i     =      1 ,     2 ,    ... ,   m   



(17)






    R j  =       ∑  i = 1  m    t  i j         for     j     =      1 ,     2 ,    ... ,   m   



(18)







Step 5. Calculate the relative importance, as in Equation (17).


    I i  =         d i      ∑  i = 1  m    d i         ;   i     =      1 ,   2 ,    ...  ,    m   



(19)




where


   d i  =       E (  D i  ⊕  R j  )    2  +     E (  D i  ⊖  R j  )    2     












3.5. IT2F-MAIRCA


MAIRCA was developed to optimize the TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method. MAIRCA evaluates supplier performance, generating a ranking of supplier performance evaluations that serves as a decision-making recommendation for companies in assessing the performance of existing suppliers [44].



In this method, considering the weights of RF-based IT2FN obtained from IT2F-BWM, the failure modes based on the RPN of the failure modes via IT2F-MAIRCA are ranked. Assume the set contains failure modes   X  =     X 1  ,    X 2  ,   … ,    X m     , which will be ranked based on a total of  n  RFs. To rank   C  =     C 1  ,    C 2  ,   … ,    C n     ,    C B    represents the set of benefit criteria and    C C    represents the set of cost criteria. Given that    C B  ∩  C C  = ∅   and    C B  ∪  C C  = C  , the main steps in developing the IT2F-MAIRCA method are as follows:



Step 1. Establish the initial decision matrix.



 K  experts linguistically evaluate each failure mode with respect to every RF. These linguistic variables are then converted into IT2FNs using any appropriate linguistic scale.



Step 2. Calculate the average of the initial decision matrix, as shown in Equation (20):


    V ≈  = (  λ  E 1   ×    V ≈    ( 1 )   ) + (  λ  E 2   ×    V ≈    ( 2 )   ) + ⋯ + (  λ  E k   ×    V ≈    ( k )   )   



(20)







The matrix    V ≈    adopts the form of Equation (19). Here,      v ≈    i j     represents the IT2F rating of the  i -th alternative relative to the  j -th criterion, where   1 ≤ i ≤ m   and   1 ≤ j ≤ n  . We assume


    V ≈      =            v  i j    ≈      m × n   =     (    v  i j     ∼ U   ,      v  i j     ∼ L   )     =           (  a  i j  U  ,    b  i j  U  ,    c  i j  U  ,    d  i j  U  ;    H 1  (    v  i j     ∼ U    ) ,     H 2  (    v  i j     ∼ U   ) )  ,      (  a  i j  L  ,    b  i j  L  ,    c  i j  L  ,    d  i j  L  ;    H 1  (    v  i j     ∼ L    ) ,     H 2  (    v  i j     ∼ L   ) )         



(21)







Step 3. Perform normalization on the averaged initial decision matrix, as in Equations (22) and (23).



For each RF, calculate   r a n g  e j  =     max   1 ≤ i ≤ m      d  i j  U  −   max   1 ≤ i ≤ m      a  i j  U      where   1 ≤ j ≤ n  . If the criterion belongs to the benefit set    C B   , perform the normalization operation according to Equation (21). If the criterion belongs to the cost set    C C   , perform the normalization operation according to Equation (22). The normalized IT2F matrix is represented as    N ≈  =            n  i j    ≈      m × n    .


     n ≈    i j       =     (    n  i j     ∼ U   ,      n  i j     ∼ L   )     =           (     a  i j  U  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       b  i j  U  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       c  i j  U  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       d  i j  U  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ;    H 1  (    n  i j     ∼ U    ) ,     H 2  (    n  i j     ∼ U   ) ) ,       (     a  i j  L  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       b  i j  L  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       c  i j  L  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ,       d  i j  L  −   min   1 ≤ i ≤ m      a  i j  U      r a n g  e j     ;    H 1  (    n  i j     ∼ L    ) ,     H 2  (    n  i j     ∼ L   ) )        



(22)






     n ≈    i j       =     (    n  i j     ∼ U   ,      n  i j     ∼ L   )     =           (      max   1 ≤ i ≤ m      d  i j  U  −  a  i j  U      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  b  i j  U      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  c  i j  U      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  d  i j  U      r a n g  e j     ;    H 1  (    n  i j     ∼ U    ) ,     H 2  (    n  i j     ∼ U   ) ) ,       (      max   1 ≤ i ≤ m      d  i j  U  −  a  i j  L      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  b  i j  L      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  c  i j  L      r a n g  e j     ,        max   1 ≤ i ≤ m      d  i j  U  −  d  i j  L      r a n g  e j     ;    H 1  (    n  i j     ∼ L    ) ,     H 2  (    n  i j     ∼ L   ) )        



(23)







Step 4. Calculate the preference    P   X i      of the alternative   ( 1 ≤ i ≤ m )  .


    P   X i    =       1 m       ;       ∑  i = 1  m    P   X i    =     1     



(24)







Step 5. Calculate the ideal matrix.


      T p   ≈  =              t   p  11      ≈         t   p  12      ≈     ⋯       t   p  1 n      ≈           t   p  21      ≈         t   p  22      ≈     ⋯       t   p  2 n      ≈           t   p  31      ≈         t   p  32      ≈     ⋯       t   p  3 n      ≈       ⋮   ⋮   ⋱   ⋮         t   p  m 1      ≈         t   p  m 2      ≈     ⋯       t   p  m n      ≈            =            P   X 1    ×    w  11    ≈       P   X 1    ×    w  21    ≈     ⋯     P   X 1    ×    w  m 1    ≈         P   X 2    ×    w  11    ≈       P   X 2    ×    w  21    ≈     ⋯     P   X 2    ×    w  m 1    ≈         P   X 3    ×    w  11    ≈       P   X 3    ×    w  21    ≈     ⋯     P   X 3    ×    w  m 1    ≈       ⋮   ⋮   ⋱   ⋮       P   X m    ×    w  11    ≈       P   X m    ×    w  21    ≈     ⋯     P   X m    ×    w  m 1    ≈          



(25)




where


     t ≈     p  i j     =     (    t   p  i j       ∼ U   ,      t   p  i j       ∼ L   ) =       (  a   t   p  i j      U  ,    b   t   p  i j      U  ,    c   t   p  i j      U  ,    d   t   p  i j      U  ;    H 1  (    t   p  i j       ∼ U    ) ,     H 2  (    t   p  i j       ∼ U   ) ) ,   (  a   t   p  i j      L  ,    b   t   p  i j      L  ,    c   t   p  i j      L  ,    d   t   p  i j      L  ;    H 1  (    t   p  i j       ∼ L    ) ,     H 2  (    t   p  i j       ∼ L   ) )   .  











Step 6. Calculate the actual matrix.


      T r   ≈  =              t   r  11      ≈         t   r  12      ≈     ⋯       t   r  1 n      ≈           t   r  21      ≈         t   r  22      ≈     ⋯       t   r  2 n      ≈           t   r  31      ≈         t   r  32      ≈     ⋯       t   r  3 n      ≈       ⋮   ⋮   ⋱   ⋮         t   r  m 1      ≈         t   r  m 2      ≈     ⋯       t   r  m n      ≈            =              t   p  11      ≈  ⊗    n  11    ≈         t   p  12      ≈  ⊗    n  12    ≈     ⋯       t   p  1 n      ≈  ⊗    n  1 n    ≈           t   p  21      ≈  ⊗    n  21    ≈         t   p  22      ≈  ⊗    n  22    ≈     ⋯       t   p  2 n      ≈  ⊗    n  2 n    ≈           t   p  31      ≈  ⊗    n  31    ≈         t   p  32      ≈  ⊗    n  32    ≈     ⋯       t   p  3 n      ≈  ⊗    n  3 n    ≈       ⋮   ⋮   ⋱   ⋮         t   p  m 1      ≈  ⊗    n  m 1    ≈         t   p  m 2      ≈  ⊗    n  m 2    ≈     ⋯       t   p  m n      ≈  ⊗    n  m n    ≈          



(26)




where


     t ≈     r  i j     =     (    t   r  i j       ∼ U   ,      t   r  i j       ∼ L   ) =       (  a   t   r  i j      U  ,    b   t   r  i j      U  ,    c   t   r  i j      U  ,    d   t   r  i j      U  ;    H 1  (    t   r  i j       ∼ U    ) ,     H 2  (    t   r  i j       ∼ U   ) ) ,   (  a   t   r  i j      L  ,    b   t   r  i j      L  ,    c   t   r  i j      L  ,    d   t   r  i j      L  ;    H 1  (    t   r  i j       ∼ L    ) ,     H 2  (    t   r  i j       ∼ L   ) )   .  











Step 7. Calculate the total deviation matrix   ( G )   using the defuzzification method for ranking.


    t   r  i j     =              (  d   t   r  i j      U  −  a   t   r  i j      U  ) +   (  H 1  (    t   r  i j       ∼ U   ) ×  b   t   r  i j      U  −  a   t   r  i j      U  )   +   (  H 2  (    t   r  i j       ∼ U   ) ×  c   t   r  i j      U  −  a   t   r  i j      U  )    4  +  a   t   r  i j      U    +         (  d   t   r  i j      L  −  a   t   r  i j      L  ) +   (  H 1  (    t   r  i j       ∼ L   ) ×  b   t   r  i j      L  −  a   t   r  i j      L  )   +   (  H 2  (    t   r  i j       ∼ L   ) ×  c   t   r  i j      L  −  a   t   r  i j      L  )    4  +  a   t   r  i j      L       2     



(27)







The calculation of matrix  G  is shown as follows:


   G     =          g  i j       m × n   =        T p  −  T r      



(28)







Step 8. Calculate the principal score   (  Q i  )   for each failure mode and conduct the risk ranking.


    Q i  =   ∑  j = 1  n    g  i j     ;     i = 1 ,   2 ,   … ,   m   



(29)







Finally, rank the failure modes based on the principal score, aiming to minimize the gap between the ideal and actual values. Thus, the failure mode with the smallest difference is selected as the most critical failure mode.





4. Empirical Analysis


This section is divided into four sections, Section 4.1 describes the whole system of the air cleaner in detail, Section 4.2 calculates the importance weights of the risk factors by the IT2F-BWM method, Section 4.3 explains the causality between the failure modes by the IT2F-DEMATEL method and Section 4.4 carries out the final failure ranking by the IT2F-MAIRCA method to verify the robustness and validity of the proposed methodology of the study.



4.1. Case Description


In this section, the proposed methodology applied to a case study of an air cleaner manufacturing company in Taiwan comes to the forefront of the analysis. The company mainly produces two products, one of which is a medium-sized HEPA filter, while this paper focuses on a small-sized photocatalytic portable air cleaner, which is suitable for various small spaces.



A team of five experts, including a production manager (E1) with more than 10 years of experience and four senior executives (E2, E3, E4 and E5) with 5 to 10 years of experience, was assembled in consultation with the senior managers. Their weights were 0.40, 0.15, 0.15, 0.15, 0.15, 0.15 and 0.15, respectively. The experts started with four risk factors—severity (RF1), occurrence (RF2), detectability (RF3) and expected cost (RF4)—to evaluate the potential failure modes. A linguistic assessment of potential failure modes was conducted.



After discussion with the design team and based on professional knowledge and experience, the air cleaner system divided into ten critical components, including fan, LED lamp, UVLED lamp, Power PCB, rubber fan holder, MCU, aluminum alloy case, label, Power IC and PWM Firmware (as shown in Table 2 and Figure 2). Subsequently, eight potential failure modes and their definitions were identified, as shown in Table 3.




4.2. IT2F-BWM Analysis


This study uses the concept of IT2FS combined with BWM. A questionnaire was distributed to five experts and their evaluation opinions were converted into corresponding TrIT2FNs. The weights were calculated according to the steps outlined by [8]. The steps of IT2F-BWM are as follows:



Step 1. Identify a set of decision criteria n:



The risk factors (criteria) in this study are Severity (S), Occurrence (O), Detection (D) and Expected Cost (EC).



Step 2. Obtain the BO and OW vectors from the decision-makers (Table 4 and Table 5).



First, the experts select the best and worst criteria among the four risk factors. Based on the experts’ opinions, the relative importance of the best criterion compared to the other criteria and the worst criterion compared to the other criteria is determined. These linguistic variables are then converted into IT2FS, from which the BO and OW vectors are obtained, as shown in Table A5.



Step 3. Calculate the optimal IT2F weights.



After obtaining the BO and OW vectors as mentioned above, based on Equation (8) and the optimization model of IT2F-BWM, the constraints and objectives are solved using LINGO 21 software to obtain the optimal IT2F weights. Using Expert 1’s BO and OW vectors as an example, the following formulas can be derived:


       min     δ *      s . t .       |    w  S 1     ≈ U   −    w  O 4     ≈ U   × 4 | ≤  δ *  ,   |    w  S 2     ≈ U   −    w  O 3     ≈ U   × 5 | ≤  δ *  ,   |    w  S 3     ≈ U   −    w  O 2     ≈ U   × 5 | ≤  δ *  ,   |    w  S 4     ≈ U   −    w  O 1     ≈ U   × 6 | ≤  δ *  ,       |    w  S 1     ≈ L   −    w  O 4     ≈ L   × 4.5 | ≤  δ *  ,   |    w  S 2     ≈ L   −    w  O 3     ≈ L   × 5 | ≤  δ *  ,   |    w  S 3     ≈ L   −    w  O 2     ≈ L   × 5 | ≤  δ *  ,   |    w  S 4     ≈ L   −    w  O 1     ≈ L   × 5.5 | ≤  δ *  ,       |    w  S 1     ≈ U   −    w  D 4     ≈ U   × 1 | ≤  δ *  ,   |    w  S 2     ≈ U   −    w  D 3     ≈ U   × 2 | ≤  δ *  ,   |    w  S 3     ≈ U   −    w  D 2     ≈ U   × 2 | ≤  δ *  ,   |    w  S 4     ≈ U   −    w  D 1     ≈ U   × 3 | ≤  δ *  ,      |    w  S 1     ≈ L   −    w  D 4     ≈ L   × 1.5 | ≤  δ *  ,   |    w  S 2     ≈ L   −    w  D 3     ≈ L   × 2 | ≤  δ *  ,   |    w  S 3     ≈ L   −    w  D 2     ≈ L   × 2 | ≤  δ *  ,   |    w  S 4     ≈ L   −    w  D 1     ≈ L   × 2.5 | ≤  δ *  ,     |    w  S 1     ≈ U   −    w  E C 4     ≈ U   × 6 | ≤  δ *  ,   |    w  S 2     ≈ U   −    w  E C 3     ≈ U   × 7 | ≤  δ *  ,   |    w  S 3     ≈ U   −    w  E C 2     ≈ U   × 7 | ≤  δ *  ,   |    w  S 4     ≈ U   −    w  E C 1     ≈ U   × 8 | ≤  δ *  ,     |    w  S 1     ≈ L   −    w  E C 4     ≈ L   × 6.5 | ≤  δ *  ,   |    w  S 2     ≈ L   −    w  E C 3     ≈ L   × 7 | ≤  δ *  ,   |    w  S 3     ≈ L   −    w  E C 2     ≈ L   × 7 | ≤  δ *  ,   |    w  S 4     ≈ L   −    w  E C 1     ≈ L   × 7.5 | ≤  δ *  ,     |    w  O 1     ≈ U   −    w  E C 4     ≈ U   × 4 | ≤  δ *  ,   |    w  O 2     ≈ U   −    w  E C 3     ≈ U   × 5 | ≤  δ *  ,   |    w  O 3     ≈ U   −    w  E C 2     ≈ U   × 5 | ≤  δ *  ,   |    w  O 4     ≈ U   −    w  E C 1     ≈ U   × 6 | ≤  δ *  ,     |    w  O 1     ≈ L   −    w  E C 4     ≈ L   × 4.5 | ≤  δ *  ,   |    w  O 2     ≈ L   −    w  E C 3     ≈ L   × 5 | ≤  δ *  ,   |    w  O 3     ≈ L   −    w  E C 2     ≈ L   × 5 | ≤  δ *  ,   |    w  O 4     ≈ L   −    w  E C 1     ≈ L   × 5.5 | ≤  δ *  ,     |     w  D 1     ≈ U   −    w  E C 4     ≈ U   × 4 | ≤  δ *  ,   |    w  D 2     ≈ U   −    w  E C 3     ≈ U   × 5 | ≤  δ *  ,   |    w  D 3     ≈ U   −    w  E C 2     ≈ U   × 5 | ≤  δ *  ,   |    w  D 4     ≈ U   −    w  E C 1     ≈ U   × 6 | ≤  δ *  ,      |     w  D 1     ≈ L   −    w  E C 4     ≈ L   × 4.5 | ≤  δ *  ,   |    w  D 2     ≈ L   −    w  E C 3     ≈ L   × 5 | ≤  δ *  ,   |    w  D 3     ≈ L   −    w  E C 2     ≈ L   × 5 | ≤  δ *  ,   |    w  D 4     ≈ L   −    w  E C 1     ≈ L   × 5.5 | ≤  δ *  ,         ∑  j = R F 1   R F 4         1 8  (    w  j 4     ≈ U   −    w  j 1     ≈ U    ) +   1 8   ( 1  ×    w  j 2     ≈ U   −    w  j 1     ≈ U    ) +   1 8   ( 1  ×    w  j 3     ≈ U   −    w  j 1     ≈ U    ) +   1 2     w  j 1     ≈ U   +      1 8  (    w  j 4     ≈ L   −    w  j 1     ≈ L    ) +   1 8   ( 0   . 8  ×    w  j 2     ≈ L   −    w  j 1     ≈ L    ) +   1 8   ( 0   . 8  ×    w  j 3     ≈ L   −    w  j 1     ≈ L    ) +   1 2     w  j 1     ≈ L          = 1 ,           w  j 1  U  ≤  w  j 1  L  ,    w  j 4  U  ≤  w  j 4  L  ,        w  j 1  L  ≤  w  j 2  L  ≤  w  j 3  L  ≤  w  j 4  L  ,        w  j 1  U  ≤  w  j 2  U  ≤  w  j 3  U  ≤  w  j 4  U  ,        w j U  ≥ 0 ,    w j L  ≥ 0 ,       j = R F 1 ,   R F 2 ,   R F 3 ,   R F 4          











Using the linear programming model, the IT2F weights for the four risk factors are calculated separately for each of the five experts. The results are then aggregated using the weighted averaging method to obtain the IT2F weights for the four risk factors, as shown in Table 6.




4.3. IT2F-DEMATEL Analysis


Using the IT2F-DEMATEL method, causal relationships between failure modes are identified. The steps of IT2F-DEMATEL are as follows:



Step 1. Establish the average IT2F influence relation matrix.



In this step, the evaluation scale consists of seven levels, as shown in Table 7. Table 8 provides the assessments from Expert 1 based on the influence relation matrix. The remaining four experts’ influence relation matrices are shown in Appendix A. These matrices are then converted into IT2FNs as fuzzy ratings. For example, if Expert C assesses FM1’s influence on FM2 as “L”, the corresponding value is provided in Table 8. Finally, using Equation (10) and the experts’ weights from Table 9, the average IT2F influence relation matrix is established.



Step 2. Calculate the normalized average IT2F influence relation matrix.



In this step, a total of 8   m × m   matrices were constructed, and the normalized direct-relation matrix was established using Equation (13). In this context, the normalization coefficient is 3.315, as calculated using Equation (14).



Step 3. Calculate the IT2F total relation matrix.



Using Equation (16), calculate the IT2F total relation matrix, as shown in Appendix A, Table A1.



Step 4. Perform a cause-and-effect relationship analysis using the elements  D  and  R  of the total relation matrix, with the row and column sums presented in Table 9.



Using Equations (17) and (18), calculate the values of    D i    and    R i   . Table 10 shows the values of    D i  ⊕  R i    and    D i  ⊖  R i   . Additionally, using Equation (3), the expected values (Expected Value) are calculated, and Table 11 provides the values for   E (  D i  ⊕  R i  )   and   E (  D i  ⊖  R i  )  .



Step 5. Calculate the relative importance:



Using Equation (19), calculate the relative importance between failure modes, as shown in Table 11.



Based on the values of    D i  ⊕  R i    and   E (  D i  ⊖  R i  )  , the causal relationships presented in Figure 3 were developed. This revealed that FM6 (Mainboard Failure) is highly correlated with other failure modes and contributes the most to malfunctioning of the air purifier (16.26%). FM2 (Excessive Mechanical Gap) holds the second highest importance at 15.54%. However, FM5 (UVLED Not Lighting) is the least important failure mode.



Additionally, it is notable that FM6 (Mainboard Failure) has the highest expected relevance value (0.832), indicating that it has the least dependency on other failure modes. On the other hand, FM7 (APP Connection Failure) (−0.487) and FM3 (Abnormal Fan Noise) (−0.356) have relatively low expected relevance values, suggesting that they primarily rely on other failure modes.




4.4. IT2F-MAIRCA Analysis


After obtaining the RFs’ IT2FN weights through the IT2F-BWM method, the IT2F-MAIRCA method is applied here to rank the failure modes and identify the critical failure modes. The steps of the IT2F-MAIRCA method are as follows:



Step 1. Establish the initial decision matrix.



After collecting the questionnaires completed by the five experts, the evaluation scale was divided into seven levels.



Step 2. Calculate the average of the initial decision matrix.



According to Equation (21), multiply the weighted initial decision matrix by the five experts’ weights to obtain the average initial decision matrix.



Step 3. Normalize the averaged initial decision matrix.



Normalize the averaged initial matrix using Equations (22) and (23), as shown in Appendix A, Table A2.



Step 4. Calculate the matrix of preference.



Next, using Equation (24), calculate the matrix of preference, as shown in Appendix A, Table A3, with the formulation as in Equation (25). In this case study, the preference bias (    1 m    ) = 0.125.



Step 5. Calculate the matrix of ideal.



Using Equation (26), calculate the matrix of theoretical, as shown in Appendix A, Table A4.



Step 6. Use the defuzzification method to calculate the total deviation matrix.



Using Equation (27) to defuzzify      T p   ≈    and      T r   ≈    and then applying Equation (28) to calculate the total deviation matrix, as shown in Table 12.



Step 7. Calculate the principal score for each failure mode and perform risk ranking.



The final principal score for each alternative is obtained by calculating the deviation value using Equation (29), as shown in Table 13. As previously mentioned, the failure mode with the highest deviation value has the most significant difference, whereas, based on the ranking results in Table 13, among the eight failure modes, FM1 “USB Connector Poor Contact” has the highest ranking, followed by FM1 > FM4 > FM3 > FM6 > FM8 > FM5 > FM7 > FM2.





5. Discussion of Results


Before discussing the risk ranking results for failure modes in depth, the proposed model and other MCDM methods will be compared in terms of ranking, with the details described below.



5.1. Model Comparison


Since the purpose is to examine the rank correlation, this study employs Spearman’s rank correlation coefficient to evaluate the rank correlation between the model proposed in this study and other methods. The correlation coefficient ranges from −1 to 1, where 1 indicates a perfect positive correlation, 0 indicates no correlation and −1 indicates a perfect negative correlation. The closer the correlation coefficient is to 1, the stronger the correlation between the two methods. Due to the fact that MAIRCA was developed to optimize TOPSIS [35], decision-making models such as CoCoSo, VIKOR and TOPSIS, which share similar computational principles, have often been discussed in conjunction with TOPSIS. Therefore, this study will adopt these four methods for comparison. After calculation, the failure mode ranking results are shown in Table 14. From Table 14, it can be observed that the Spearman rank correlation coefficient between the IT2F-MAIRCA model proposed in this study and the traditional FMEA ranking is 0.3571, indicating a low correlation. After incorporating the risk factor of Expected Cost, the coefficient increased to 0.4524 (EC-RPN), enhancing the correlation between the two, as shown in Figure 4. The low correlation is because traditional FMEA methods neglect Expected Cost and the risk value is merely obtained by multiplying the three factors of SOD (Severity, Occurrence, Detection). The approach proposed in this study should be more reliable. This validates that incorporating additional risk factors leads to a more comprehensive consideration, thereby increasing correlation and enhancing the reliability of priority rankings.



From Table 14, it can be seen that the correlation coefficient between the proposed IT2F-MAIRCA model and the traditional FMEA ranking according to Spearman’s rank correlation is 0.3571, indicating a low degree of correlation. After incorporating the expected cost as a risk factor, the coefficient increased to 0.4524, enhancing the correlation between the two. As shown in Figure 4, this confirms that adding risk factors results in a more comprehensive consideration, increasing reliability in priority ranking.



Furthermore, Table 14 shows that the Spearman’s rank correlation coefficients between the IT2F-MAIRCA model and IT2F-TOPSIS, IT2F-CoCoSo and IT2F-VIKOR are 0.8333, 0.9524 and 0.9762, respectively, indicating a high degree of correlation. However, IT2F-MAIRCA takes into account comparisons between ideal and experiential perspectives, aiming to minimize the gap between ideal thinking and practical experience. Compared to other methods, it demonstrates greater stability and is more aligned with real-world conditions. The comparison results are shown in Figure 5. Among these, the ranking differences between the proposed model and the other three methods are acceptable. For example, IT2F-MAIRCA and IT2F-TOPSIS show a consistent top three ranking, namely FM1 “USB Connector Poor Contact”, FM4 “LED Insufficient Brightness”, and FM3 “Abnormal Fan Noise”, while FM2 “Excessive Mechanical Gap” ranks the lowest.




5.2. Sensitivity Analysis


By swapping the weights of the four risk factors with each other, a total of 24 Weight Sets (WS) were generated (Table 15). It can be observed that in 24 scenarios, FM1 “USB Connector Poor Contact” ranks first in 22 scenarios, indicating that this failure mode needs to be prioritized for improvement. Only in scenarios WS-4 and WS-15 does FM4 “LED Insufficient Brightness” rise to be the top ranking failure mode.




5.3. Discussion


Based on the evaluation of the eight key failure modes of the air purifier using the improved FMEA model proposed in this study, the ranking results are FM1 “USB Connector Poor Contact” > FM8 “Bluetooth Module Failure” > FM3 “Abnormal Fan Noise” > FM2 “Excessive Mechanical Gap” > FM6 “Mainboard Failure” > FM4 “LED Insufficient Brightness” > FM7 “APP Connection Failure” > FM5 “UVLED Not Lighting”.



Among these, FM1 “USB Connector Poor Contact” is the failure mode that needs to be prioritized for improvement because the USB connection affects the entire system. It can cause the device to fail to reach normal operation, leading to malfunctions or even sudden shutdowns, or it may prevent the device from turning on at all. Its severity and occurrence probability are the highest among all failure modes. FM4 “LED Insufficient Brightness” is the second most critical failure mode. The LED lights on the exterior of the device display the fan speed in three levels; if the LED brightness fails, users will be unable to determine whether the device is operating or at their desired speed. FM3 “Abnormal Fan Noise” ranks third among the failure modes. When the fan generates abnormal noise during operation, it not only exceeds the standard threshold, causing consumers to question the product’s performance, but dust accumulation on the filter may also produce noise, preventing the device from operating properly. Its severity is also the highest among all failure modes.



Under the severity condition (RF1), FM1 “USB Connector Poor Contact”, FM3 “Abnormal Fan Noise”, and FM6 “Mainboard Failure” all received the highest ratings. FM1 “USB Connector Poor Contact” also had the highest occurrence probability (RF2) among all failure modes. FM2 “Excessive Mechanical Gap” and FM5 “UVLED Not Lighting” had the highest detection difficulty (RF3). FM6 “Mainboard Failure” had the highest expected cost (RF4). For the failure mode FM1 “USB Connector Poor Contact”, which needs to be prioritized for improvement, the design process should include sufficient self-diagnosis functionality. When poor contact occurs, the device should adequately indicate the source of the issue, particularly if it stems from poor connection. This will help reduce the occurrence of failure modes and allow consumers to better understand the problem’s origin.



It is worth noting that although the above results show that FM1 has the highest risk value, this study also used IT2F-DEMATEL to discuss the cause-and-effect relationships between failure modes, as shown in Table 11. From Table 11, it can be observed that FM6 (mainboard failure) has the highest influential degree. This indicates that its level of impact is the greatest. If FM6 fails, it will severely affect the normal operation of other failure modes. Therefore, this study considers FM6 to be a failure mode that also requires special attention.





6. Conclusions


This study used an improved FMEA integrating the concept of IT2F with BWM, DEMATEL and MAIRCA to calculate the weights of the four risk factors separately. This allowed for the understanding of causal relationships between eight key failure modes, leading to risk ranking. The air purifier design was used as a case study to identify key failure modes and prioritize them for improvement.



6.1. Research Findings


This study proposed a hybrid MCDM model applied to failure mode and impact analysis, using the air purifier as a case study. First, the IT2F-BWM method was used to calculate the optimal weights of the risk factors. Then, IT2F-DEMATEL was applied to map the causal relationships between the failure modes. Finally, the IT2F-MAIRCA method was used to perform failure mode ranking. After analyzing the hybrid MCDM model proposed in this study, several conclusions were drawn:




	(1)

	
This study proposes a more comprehensive model structure by considering the economic aspect and introducing Expected Cost (EC) as a risk factor, making the analysis results more aligned with real-world conditions.




	(2)

	
By incorporating the concept of IT2FS fuzziness, experts can address uncertainties when filling out questionnaires through semantic scales of different methods.




	(3)

	
After calculations using the IT2F-BWM, it was determined that among the four risk factors, RF1 (Severity, S) has the highest weight and should be the first risk factor to be improved.




	(4)

	
In this study, clear numbers were not used as weights; instead, IT2FS was employed to enhance the accuracy of uncertain information.




	(5)

	
Regarding the interactions between failure modes, the causal diagram based on IT2F-DEMATEL shows that FM6 (Mainboard Failure) is highly correlated with other failure modes.




	(6)

	
Finally, using the IT2F-MAIRCA method to rank the eight key failure modes, it was found that FM1 “USB Connector Poor Contact” ranks the highest, indicating that it requires the most urgent preventive measures.










6.2. Limitations and Future Recommendations


The FMEA model proposed in this study, combined with IT2F and MCDM methods, addresses the uncertainty experts may face when filling out questionnaires. It also incorporates Expected Cost (EC) as a risk factor, making the results more realistic. However, this study still has many limitations and shortcomings, so future improvements are as follows:




	(1)

	
The empirical analysis in this study mainly focused on the failure evaluation in the electronics industry. This decision-making framework could be applied to other fields in the future, such as aerospace, national defense, automotive, machinery, etc.




	(2)

	
The IT2F fuzzy decision model can be applied not only to FMEA but also to other risk management methods. However, the use of this theory involves complex and cumbersome calculations. It is recommended to develop corresponding computational tools to facilitate its application.




	(3)

	
Most of the evaluation scales are fixed and experts’ evaluations may not be entirely accurate. If effective methods for quantifying uncertainties can be developed in the future, the results will be more reliable. For example, utilizing a dynamic semantic scale.
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Table A1. IT2F total relation matrix.
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	Failure Mode
	FM1
	FM2
	FM3
	FM4
	FM5
	FM6
	FM7
	FM8





	FM1
	((0.030,0.095,0.095,0.319;1,1),

(0.048,0.095,0.095,0.190;0.9,0.9))
	((0.060,0.147,0.147,0.367;1,1),

(0.089,0.147,0.147,0.245;0.9,0.9))
	((0.022,0.111,0.111,0.346;1,1),

(0.054,0.111,0.111,0.212;0.9,0.9))
	((0.103,0.183,0.183,0.388;1,1),

(0.128,0.183,0.183,0.275;0.9,0.9))
	((0.108,0.190,0.190,0.398;1,1),

(0.134, 0.190,0.190,0.284;0.9,0.9))
	((0.063,0.136,0.136,0.330;1,1),

(0.090,0.136,0.136,0.219;0.9,0.9))
	((0.013,0.102,0.102,0.330;1,1),

(0.047,0.102,0.102,0.195;0.9,0.9))
	((0.012,0.088,0.088,0.282;1,1),

(0.042,0.088,0.088,0.166;0.9,0.9))



	FM2
	((0.075,0.163,0.163,0.388;1,1),

(0.103,0.163,0.163,0.264;0.9,0.9))
	((0.017,0.060,0.060,0.219;1,1),

(0.028,0.060,0.060,0.124;0.9,0.9))
	((0.124,0.206,0.206,0.414;1,1),

(0.149,0.206,0.206,0.299;0.9,0.9))
	((0.021,0.089,0.089,0.266;1,1),

(0.046,0.089,0.089,0.164;0.9,0.9))
	((0.008,0.075,0.075,0.251;1,1),

(0.033, 0.075,0.075,0.147;0.9,0.9))
	((0.005,0.068,0.068,0.235;1,1),

(0.030,0.068,0.068,0.136;0.9,0.9))
	((0.001,0.79,0.79,0.277;1,1),

(0.032,0.079,0.079,0.157;0.9,0.9))
	((0.001,0.067,0.067,0.235;1,1),

(0.027,0.067,0.067,0.133;0.9,0.9))



	FM3
	((0.012,0.084,0.084,0.275;1,1),

(0.039,0.084,0.084,0.164;0.9,0.9))
	((0.102,0.172,0.172,0.340;1,1),

(0.123,0.172,0.172,0.247;0.9,0.9))
	((0.012,0.052,0.052,0.201;1,1),

(0.023,0.052,0.052,0.111;0.9,0.9))
	((0.003,0.061,0.061,0.212;1,1),

(0.026,0.061,0.061,0.122;0.9,0.9))
	((0.001,0.060,0.060,0.212;1,1),

(0.025, 0.060,0.060,0.121;0.9,0.9))
	((0.001,0.057,0.057,0.202;1,1),

(0.023,0.057,0.057,0.114;0.9,0.9))
	((0,0.069,0.069,0.242;1,1),

(0.028,0.069,0.069,0.137;0.9,0.9))
	((0,0.059,0.059,0.206;1,1),

(0.024,0.059,0.059,0.116;0.9,0.9))



	FM4
	((0.090,0.174,0.174,0.388;1,1),

(0.117,0.174,0.174,0.270;0.9,0.9))
	((0.031,0.099,0.099,0.279;1,1),

(0.056,0.099,0.099,0.175;0.9,0.9))
	((0.032,0.104,0.104,0.306;1,1),

(0.059,0.104,0.104,0.194;0.9,0.9))
	((0.010,0.044,0.044,0.183;1,1),

(0.019,0.044,0.044,0.099;0.9,0.9))
	((0.010,0.074,0.074,0.244;1,1),

(0.035, 0.074,0.074,0.145;0.9,0.9))
	((0.022,0.082,0.082,0.248;1,1),

(0.046,0.082,0.082,0.154;0.9,0.9))
	((0.005,0.079,0.079,0.270;1,1),

(0.034,0.079,0.079,0.156;0.9,0.9))
	((0.004,0.067,0.067,0.230;1,1),

(0.030, 0.067,0.067,0.133;0.9,0.9))



	FM5
	((0.100,0.179,0.179,0.372;1,1),

(0.125,0.179,0.179,0.264;0.9,0.9))
	((0.006,0.069,0.069,0.231;1,1),

(0.030,0.069,0.069,0.135;0.9,0.9))
	((0.002,0.069,0.069,0.246;1,1),

(0.028,0.069,0.069,0.141;0.9,0.9))
	((0.010,0.070,0.070,0.222;1,1),

(0.033,0.070,0.070,0.132;0.9,0.9))
	((0.011,0.041,0.041,0.168;1,1),

(0.019,0.041,0.041,0.090;0.9,0.9))
	((0.006,0.063,0.063,0.209;1,1),

(0.029,0.063,0.063,0.122;0.9,0.9))
	((0.001,0.071,0.071,0.245;1,1),

(0.029,0.071,0.071,0.139;0.9,0.9))
	((0.001,0.060,0.060,0.208;1,1),

(0.025, 0.060,0.060,0.118;0.9,0.9))



	FM6
	((0.109,0.225,0.225,0.526;1,1),

(0.147,0.225,0.225,0.359;0.9,0.9))
	((0.016,0.112,0.112,0.367;1,1),

(0.052,0.112,0.112,0.220;0.9,0.9))
	((0.049,0.159,0.159,0.440;1,1),

(0.086,0.159,0.159,0.281;0.9,0.9))
	((0.033,0.122,0.122,0.367;1,1),

(0.067,0.122,0.122,0.229;0.9,0.9))
	((0.058,0.151,0.151,0.401;1,1),

(0.091,0.151,0.151,0.263;0.9,0.9))
	((0.015,0.073,0.073,0.274;1,1),

(0.034,0.073,0.073,0.154;0.9,0.9))
	((0.216,0.326,0.326,0.590;1,1),

(0.250,0.326,0.326,0.435;0.9,0.9))
	((0.199,0.286,0.286,0.511;1,1),

(0.228,0.286,0.286,0.378;0.9,0.9))



	FM7
	((0.001,0.069,0.069,0.247;1,1),

(0.028,0.069,0.069,0.141;0.9,0.9))
	((0.008,0.069,0.069,0.223;1,1),

(0.031,0.069,0.069,0.132;0.9,0.9))
	((0.082,0.154,0.154,0.329;1,1),

(0.105,0.154,0.154,0.232;0.9,0.9))
	((0,0.056,0.056,0.199;1,1),

(0.023,0.056,0.056,0.112;0.9,0.9))
	((0,0.056,0.056,0.201;1,1),

(0.023,0.056,0.056,0.113;0.9,0.9))
	((0,0.054,0.054,0.192;1,1),

(0.022,0.054,0.054,0.108;0.9,0.9))
	((0,0.037,0.037,0.174;1,1),

(0.012,0.037,0.037,0.087;0.9,0.9))
	((0,0.057,0.057,0.197;1,1),

(0.023,0.057,0.057,0.111;0.9,0.9))



	FM8
	((0.005,0.086,0.086,0.300;1,1),

(0.036,0.086,0.086,0.174;0.9,0.9))
	((0.002,0.072,0.072,0.254;1,1),

(0.030,0.072,0.072,0.146;0.9,0.9))
	((0.017,0.095,0.095,0.296;1,1),

(0.046,0.095,0.095,0.179;0.9,0.9))
	((0.006,0.071,0.071,0.244;1,1),

(0.032,0.071,0.071,0.142;0.9,0.9))
	((0.003,0.069,0.069,0.243;1,1),

(0.029,0.069,0.069,0.139;0.9,0.9))
	((0.043,0.112,0.112,0.285;1,1),

(0.068,0.112,0.112,0.188;0.9,0.9))
	((0.189,0.270,0.270,0.466;1,1),

(0.214,0.270,0.270,0.353;0.9,0.9))
	((0.008,0.047,0.047,0.188;1,1),

(0.020,0.047,0.047,0.100;0.9,0.9))










 





Table A2. Normalize the averaged initial decision matrix.
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	Failure Mode
	FM1
	FM2
	FM3
	FM4





	FM1
	((0.839,0.981,0.981,1;1,1),

(0.901,0.981,0.981,0.938;0.9,0.9))
	((0.603,0.833,0.833,1;1,1),

(0.661,0.833,0.833,0.943;0.9,0.9))
	((0.277,0.486,0.486,0.678;1,1),

(0.333,0.486,0.486,0.621;0.9,0.9))
	((0.868,0.985,0.985,1;1,1),

(0.919,00.985,0.985,0.949;0.9,0.9))



	FM2
	((0,0.230,0.230,0.478;1,1),

(0.062,0.230,0.230,0.416;0.9,0.9))
	((0.086,0.316,0.316,0.546;1,1),

(0.144,0.316,0.316,0.489;0.9,0.9))
	((0.877,1,1,1;1,1),

(0.944, 1,1,0.944;0.9,0.9))
	((0.071,0.259,0.259,0.462;1,1),

(0.122,0.259,0.259,0.411;0.9,0.9))



	FM3
	((0.839,0.981,0.981,1;1,1),

(0.901,0.981,0.981,0.938;0.9,0.9))
	((0.213,0.443,0.443,0.672;1,1),

(0.270,0.443,0.443,0.615;0.9,0.9))
	((0.153,0.362,0.362,0.554;1,1),

(0.209,0.362,0.362,0.497;0.9,0.9))
	((0.868,0.985,0.985,1;1,1),

(0.919,0.985,0.985,0.949;0.9,0.9))



	FM4
	((0.801,0.963,0.963,1;1,1),

(0.863,0.963,0.963,0.938;0.9,0.9))
	((0.006,0.155,0.155,0.385;1,1),

(0.063,0.155,0.155,0.328;0.9,0.9))
	((0.751,0.915,0.915,0.983;1,1),

(0.808,0.915,0.915,0.927;0.9,0.9))
	((0,0.046,0.046,0.178;1,1),

(0.051,0.046,0.046,0.127;0.9,0.9))



	FM5
	((0.280,0.509,0.509,0.720;1,1),

(0.342,0.509,0.509,0.658;0.9,0.9))
	((0,0.161,0.161,0.374;1,1),

(0.057,0.161,0.161,0.316;0.9,0.9))
	((0.887,1,1,1;1,1),

(0.944,1,1,0.944;0.9,0.9))
	((0.223,0.396,0.396,0.569;1,1),

(0.274,0.396,0.396,0.518;0.9,0.9))



	FM6
	((0.839,0.981,0.981,1;1,1),

(0.901,0.981,0.981,0.938;0.9,0.9))
	((0.069,0.264,0.264,0.477;1,1),

(0.126,0.264,0.264,0.420;0.9,0.9))
	((0,0.209,0.209,0.435;1,1),

(0.056,0.209,0.209,0.379;0.9,0.9))
	((0.898,1,1,1;1,1),

(0.949,1,1,0.949;0.9,0.9))



	FM7
	((0.230,0.478,0.478,0.727;1,1),

(0.292,0.478,0.478,0.665;0.9,0.9))
	((0.075,0.259,0.259,0.489;1,1),

(0.132,0.259,0.259,0.431;0.9,0.9))
	((0.819,0.966,0.966,1;1,1),

(0.876,0.966,0.966,0.944;0.9,0.9))
	((0.279,0.452,0.452,0.655;1,1),

(0.330,0.452,0.452,0.604;0.9,0.9))



	FM8
	((0.267,0.516,0.516,0.764;1,1),

(0.329,0.516,0.516,0.702;0.9,0.9))
	((0.328,0.557,0.557,0.770;1,1),

(0.385,0.557,0.557,0.713;0.9,0.9))
	((0.593,0.802,0.802,0.949;1,1),

(0.650,0.802,0.802,0.893;0.9,0.9))
	((0.421,0.624,0.624,0.787;1,1),

(0.472,0.624,0.624,0.736;0.9,0.9))
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	RF1
	RF2
	RF3
	RF4





	((0.063,0.066,0.066,0.071;1,1),

(0.064,0.066,0.066,0.068;0.9,0.9))
	((0.015,0.017,0.017,0.021;1,1),

(0.016,0.017,0.017,0.019;0.9,0.9))
	((0.031,0.040,0.040,0.053;1,1),

(0.035,0.040,0.040,0.048;0.9,0.9))
	((0.007,0.007,0.007,0.008;1,1),

(0.007,0.007,0.007,0.008;0.9,0.9))










 





Table A4. Matrix ideal.
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	Failure Mode
	FM1
	FM2
	FM3
	FM4





	FM1
	((0.053,0.064,0.064,0.071;1,1),

(0.058,0.064,0.064,0.064;0.9,0.9))
	((0.009,0.014,0.014,0.021;1,1),

(0.010,0.014,0.014,0.018;0.9,0.9))
	((0.008,0.019,0.019,0.036;1,1),

(0.012,0.019,0.019,0.030;0.9,0.9))
	((0.006,0.007,0.007,0.008;1,1),

(0.007,0.007,0.007,0.007;0.9,0.9))



	FM2
	((0,0.015,0.015,0.034;1,1),

(0.004,0.015,0.015,0.028;0.9,0.9))
	((0.001,0.005,0.005,0.011;1,1),

(0.002,0.005,0.005,0.009;0.9,0.9))
	((0.027,0.040,0.040,0.053;1,1),

(0.033,0.040,0.040,0.045;0.9,0.9))
	((0.000,0.002,0.002,0.004;1,1),

(0.001,0.002,0.002,0.003;0.9,0.9))



	FM3
	((0.053,0.064,0.064,0.071;1,1),

(0.058,0.064,0.064,0.064;0.9,0.9))
	((0.003,0.008,0.008,0.014;1,1),

(0.004,0.008,0.008,0.012;0.9,0.9))
	((0.005,0.014,0.014,0.029;1,1),

(0.007,0.014,0.014,0.024;0.9,0.9))
	((0.006,0.007,0.007,0.008;1,1),

(0.007,0.007,0.007,0.007;0.9,0.9))



	FM4
	((0.050,0.063,0.063,0.071;1,1),

(0.055,0.063,0.063,0.064;0.9,0.9))
	((0,0.003,0.003,0.008;1,1),

(0.001,0.003,0.003,0.006;0.9,0.9))
	((0.023,0.037,0.037,0.052;1,1),

(0.028,0.037,0.037,0.044;0.9,0.9))
	((0,0,0,0.001;1,1),

(0,0,0,0.001;0.9,0.9))



	FM5
	((0.018,0.033,0.033,0.051;1,1),

(0.022,0.033,0.033,0.045;0.9,0.9))
	((0,0.003,0.003,0.008;1,1),

(0.001,0.003,0.003,0.006;0.9,0.9))
	((0.027,0.040,0.040,0.053;1,1),

(0.033,0.040,0.040,0.044;0.9,0.9))
	((0.002,0.003,0.003,0.005;1,1),

(0.002,0.003,0.003,0.004;0.9,0.9))



	FM6
	((0.053,0.064,0.064,0.071;1,1),

(0.058,0.064,0.064,0.064;0.9,0.9))
	((0.001,0.005,0.005,0.010;1,1),

(0.002,0.005,0.005,0.008;0.9,0.9))
	((0,0.008,0.008,0.023;1,1),

(0.002,0.008,0.008,0.018;0.9,0.9))
	((0.006,0.007,0.007,0.008;1,1),

(0.007,0.007,0.007,0.007;0.9,0.9))



	FM7
	((0.014,0.031,0.031,0.052;1,1),

(0.019,0.031,0.031,0.045;0.9,0.9))
	((0.001,0.004,0.004,0.010;1,1),

(0.002,0.004,0.004,0.008;0.9,0.9))
	((0.025,0.039,0.039,0.053;1,1),

(0.030,0.039,0.039,0.045;0.9,0.9))
	((0.002,0.003,0.003,0.005;1,1),

(0.002,0.003,0.003,0.005;0.9,0.9))



	FM8
	((0.017,0.034,0.034,0.054;1,1),

(0.021,0.034,0.034,0.048;0.9,0.9))
	((0.005,0.010,0.010,0.016;1,1),

(0.006,0.010,0.010,0.013;0.9,0.9))
	((0.018,0.032,0.032,0.050;1,1),

(0.022,0.032,0.032,0.043;0.9,0.9))
	((0.003,0.005,0.005,0.006;1,1),

(0.003,0.005,0.005,0.006;0.9,0.9))
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	Linguistic Variables
	Abbreviation
	TrIT2FNs





	Extremely more important
	EMI
	((8,9,9,10;1,1),(8.5,9,9,9.5;0.9,0.9))



	Important variable 8
	IV8
	((7,8,8,9;1,1),(7.5,8,8,8.5;0.9,0.9))



	Very strong more important
	VSMI
	((6,7,7,8;1,1),(6.5,7,7,7.5;0.9,0.9))



	Important variable 6
	IV6
	((5,6,6,7;1,1),(5.5,6,6,6.5;0.9,0.9))



	Strongly more important
	SMI
	((4,5,5,6;1,1),(4.5,5,5,5.5;0.9,0.9))



	Important variable 4
	IV4
	((3,4,4,5;1,1),(3.5,4,4,4.5;0.9,0.9))



	Moderately more important
	MMI
	((2,3,3,4;1,1),(2.5,3,3,3.5;0.9,0.9))



	Important variable 2
	IV2
	((1,2,2,3;1,1),(1.5,2,2,2.5;0.9,0.9))



	Equally important
	EI
	((1,1,1,1;1,1),(1,1,1,1;0.9,0.9))







Note: [40].













References


	



Abu Dabous, S.; Ibrahim, F.; Feroz, S.; Alsyouf, I. Integration of failure mode, effects, and criticality analysis with multi-criteria decision-making in engineering applications: Part II—Non-manufacturing industries. Eng. Fail. Anal. 2021, 122, 105264. [Google Scholar] [CrossRef] [Scilit]

	



Bhattacharjee, P.; Dey, V.; Mandal, U.K. Failure Mode and Effects Analysis (FMEA) using interval number based BWM—MCDM approach: Risk Expected Value (REV) method. Soft Comput. 2022, 26, 12667–12688. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Z.; Liu, W.; Nie, W. Literature review and prospect of the development and application of FMEA in manufacturing industry. Int. J. Adv. Manuf. Technol. 2021, 112, 1409–1436. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, Q.; Thai, V.V. Fuzzy and grey theories in failure mode and effect analysis for tanker equipment failure prediction. Saf. Sci. 2016, 83, 74–79. [Google Scholar] [CrossRef] [Scilit]

	



Kushwaha, D.K.; Panchal, D.; Sachdeva, A.; A modified FMEA approach based integrated decision framework for overcoming the problems of sudden failure and accidental hazards in turbine and alternator unit. Facta Univ. Ser. Mech. Eng. 2023. Available online: https://casopisi.junis.ni.ac.rs/index.php/FUMechEng/article/view/11146 (accessed on 1 October 2024).

	



Liu, H.-C.; Chen, X.-Q.; Duan, C.-Y.; Wang, Y.-M. Failure mode and effect analysis using multi-criteria decision making methods: A systematic literature review. Comput. Ind. Eng. 2019, 135, 881–897. [Google Scholar] [CrossRef] [Scilit]

	



Tian, Z.-p.; Wang, J.-q.; Zhang, H.-y. An integrated approach for failure mode and effects analysis based on fuzzy best-worst, relative entropy, and VIKOR methods. Appl. Soft Comput. 2018, 72, 636–646. [Google Scholar] [CrossRef] [Scilit]

	



Rezaei, J. Best-worst multi-criteria decision-making method. Omega 2015, 53, 49–57. [Google Scholar] [CrossRef] [Scilit]

	



Do, D.T.; Nguyen, N.-T. Applying Cocoso, Mabac, Mairca, Eamr, Topsis and Weight Determination Methods for Multi-Criteria Decision Making in Hole Turning Process. Stroj. Cas. J. Mech. Eng. 2022, 72, 15–40. [Google Scholar] [CrossRef] [Scilit]

	



Braga, I.F.B.; Ferreira, F.A.F.; Ferreira, J.J.M.; Correia, R.J.C.; Pereira, L.F.; Falcão, P.F. A DEMATEL analysis of smart city determinants. Technol. Soc. 2021, 66, 101687. [Google Scholar] [CrossRef] [Scilit]

	



Gazi, K.H.; Raisa, N.; Biswas, A.; Azizzadeh, F.; Mondal, S.P. Finding the Most Important Criteria in Women’s Empowerment for Sports Sector by Pentagonal Fuzzy DEMATEL Methodology. Spectr. Decis. Mak. Appl. 2024, 2, 28–52. [Google Scholar] [CrossRef] [Scilit]

	



Božanić, D.; Pamučar, D.; Komazec, N. Applying D numbers in risk assessment process: General approach. J. Decis. Anal. Intell. Comput. 2023, 3, 286–295. [Google Scholar] [CrossRef] [Scilit]

	



Sam’an, M.; Dasril, Y. The novel approach for ranking generalized interval type-2 trapezoidal fuzzy numbers based on integral value. J. Interdiscip. Math. 2022, 25, 1697–1711. [Google Scholar] [CrossRef] [Scilit]

	



Gugaliya, A.; Boral, S.; Naikan, V.N.A. A hybrid decision making framework for modified failure mode effects and criticality analysis. Int. J. Qual. Reliab. Manag. 2019, 36, 1266–1283. [Google Scholar] [CrossRef] [Scilit]

	



Liu, H.-C.; Liu, L.; Bian, Q.-H.; Lin, Q.-L.; Dong, N.; Xu, P.-C. Failure mode and effects analysis using fuzzy evidential reasoning approach and grey theory. Expert Syst. Appl. 2011, 38, 4403–4415. [Google Scholar] [CrossRef] [Scilit]

	



Sharifi, F.; Vahdatzad, M.A.; Barghi, B.; Azadeh-Fard, N. Identifying and ranking risks using combined FMEA-TOPSIS method for new product development in the dairy industry and offering mitigation strategies: Case study of Ramak Company. Int. J. Syst. Assur. Eng. Manag. 2022, 13, 2790–2807. [Google Scholar] [CrossRef] [Scilit]

	



Yazir, D. Application of IF-TOPSIS method on fixed fire fighting systems for cargo hold fires on the dry/bulk cargo ships. Ocean Eng. 2022, 260, 111891. [Google Scholar] [CrossRef] [Scilit]

	



Boral, S.; Howard, I.; Chaturvedi, S.K.; McKee, K.; Naikan, V.N.A. A novel hybrid multi-criteria group decision making approach for failure mode and effect analysis: An essential requirement for sustainable manufacturing. Sustain. Prod. Consum. 2020, 21, 14–32. [Google Scholar] [CrossRef] [Scilit]

	



Shabani, A.; Shabani, A.; Ahmadinejad, B.; Salmasnia, A. Measuring the customer satisfaction of public transportation in Tehran during the COVID-19 pandemic using MCDM techniques. Case Stud. Transp. Policy 2022, 10, 1520–1530. [Google Scholar] [CrossRef] [Scilit]

	



Yang, F.; Kalkavan, H.; Dinçer, H.; Yüksel, S.; Eti, S. Gaussian-Based Soft Computing Approach to Alternative Banking System for Sustainable Financial Sector. Complexity 2021, 2021, 4570936. [Google Scholar] [CrossRef] [Scilit]

	



Mohandes, S.R.; Karasan, A.; Erdoğan, M.; Ghasemi Poor Sabet, P.; Mahdiyar, A.; Zayed, T. A comprehensive analysis of the causal factors in repair, maintenance, alteration, and addition works: A novel hybrid fuzzy-based approach. Expert Syst. Appl. 2022, 208, 118112. [Google Scholar] [CrossRef] [Scilit]

	



Chatterjee, P.; Mandal, N.; Dhar, S.; Chatterjee, S.; Chakraborty, S. A novel decision-making approach for light weight environment friendly material selection. Mater. Today Proc. 2020, 22, 1460–1469. [Google Scholar] [CrossRef] [Scilit]

	



Ayadi, H.; Hamani, N.; Kermad, L.; Benaissa, M. Novel Fuzzy Composite Indicators for Locating a Logistics Platform under Sustainability Perspectives. Sustainability 2021, 13, 3891. [Google Scholar] [CrossRef] [Scilit]

	



Zadeh, L.A. Fuzzy sets. Inf. Control 1965, 8, 338–353. [Google Scholar] [CrossRef] [Scilit]

	



Zadeh, L.A. The concept of a linguistic variable and its application to approximate reasoning—I. Inf. Sci. 1975, 8, 199–249. [Google Scholar] [CrossRef] [Scilit]

	



Mendel, J.M. Type-2 fuzzy sets and systems: An overview. IEEE Comput. Intell. Mag. 2007, 2, 20–29. [Google Scholar] [CrossRef] [Scilit]

	



Azar, A.T. Overview of Type-2 Fuzzy Logic Systems. Int. J. Fuzzy Syst. Appl. (IJFSA) 2012, 2, 1–28. [Google Scholar] [CrossRef] [Scilit]

	



Che, Y.; Zhang, X. A novel multi-criteria decision-making framework for selecting municipal solid waste management alternative with 2-dimensional uncertain linguistic sets. Environ. Sci. Pollut. Res. 2022, 29, 68582–68599. [Google Scholar] [CrossRef] [Scilit]

	



Gao, F.; Wang, W.; Bi, C.; Bi, W.; Zhang, A. Prioritization of used aircraft acquisition criteria: A fuzzy best–worst method (BWM)-based approach. J. Air Transp. Manag. 2023, 107, 102359. [Google Scholar] [CrossRef] [Scilit]

	



Amiri, M.; Hashemi-Tabatabaei, M.; Ghahremanloo, M.; Keshavarz-Ghorabaee, M.; Zavadskas, E.K.; Banaitis, A. A new fuzzy BWM approach for evaluating and selecting a sustainable supplier in supply chain management. Int. J. Sustain. Dev. World Ecol. 2021, 28, 125–142. [Google Scholar] [CrossRef] [Scilit]

	



Mei, M.; Chen, Z. Evaluation and selection of sustainable hydrogen production technology with hybrid uncertain sustainability indicators based on rough-fuzzy BWM-DEA. Renew. Energy 2021, 165, 716–730. [Google Scholar] [CrossRef] [Scilit]

	



Hadizadeh, M.; khodaparast, p.; ghasemi, a.; Fakhrzad, M.B. Designing an Anti-fragile Supply Chain in the Textile Industry under Conditions of Uncertainty Using the Fuzzy BWM and TOPSIS. J. Text. Polym. 2023, 11, 3–12. [Google Scholar] [CrossRef]

	



Si, S.-L.; You, X.-Y.; Liu, H.-C.; Zhang, P. DEMATEL Technique: A Systematic Review of the State-of-the-Art Literature on Methodologies and Applications. Math. Probl. Eng. 2018, 2018, 3696457. [Google Scholar] [CrossRef] [Scilit]

	



Koca, G.; Yıldırım, S. Bibliometric analysis of DEMATEL method. Decis. Mak. Appl. Manag. Eng. 2021, 4, 85–103. [Google Scholar] [CrossRef] [Scilit]

	



Nguyen, H.-Q.; Nguyen, V.-T.; Phan, D.-P.; Tran, Q.-H.; Vu, N.-P. Multi-Criteria Decision Making in the PMEDM Process by Using MARCOS, TOPSIS, and MAIRCA Methods. Appl. Sci. 2022, 12, 3720. [Google Scholar] [CrossRef] [Scilit]

	



Ecer, F. An extended MAIRCA method using intuitionistic fuzzy sets for coronavirus vaccine selection in the age of COVID-19. Neural Comput. Appl. 2022, 34, 5603–5623. [Google Scholar] [CrossRef] [Scilit]

	



Akbari, M. Application of Mairca Technique in Land Use Percapita Analysis of Small Cities (Case Study: Basht City). Geogr. Territ. Spat. Arrange. 2022, 12, 61–80. [Google Scholar] [CrossRef]

	



Hadian, S.; Shahiri Tabarestani, E.; Pham, Q.B. Multi attributive ideal-real comparative analysis (MAIRCA) method for evaluating flood susceptibility in a temperate Mediterranean climate. Hydrol. Sci. J. 2022, 67, 401–418. [Google Scholar] [CrossRef] [Scilit]

	



Lo, H.-W.; Liou, J.J.H. A novel multiple-criteria decision-making-based FMEA model for risk assessment. Appl. Soft Comput. 2018, 73, 684–696. [Google Scholar] [CrossRef] [Scilit]

	



Celik, E.; Yucesan, M.; Gul, M. Green supplier selection for textile industry: A case study using BWM-TODIM integration under interval type-2 fuzzy sets. Environ. Sci. Pollut. Res. 2021, 28, 64793–64817. [Google Scholar] [CrossRef] [Scilit]

	



Altay, B.C.; Celik, E.; Okumus, A.; Balin, A.; Gul, M. An integrated interval type-2 fuzzy BWM-MARCOS model for location selection of e-scooter sharing stations: The case of a university campus. Eng. Appl. Artif. Intell. 2023, 122, 106095. [Google Scholar] [CrossRef] [Scilit]

	



Wu, Q.; Zhou, L.; Chen, Y.; Chen, H. An integrated approach to green supplier selection based on the interval type-2 fuzzy best-worst and extended VIKOR methods. Inf. Sci. 2019, 502, 394–417. [Google Scholar] [CrossRef] [Scilit]

	



Gabus, A.; Fontela, E. World problems, an invitation to further thought within the framework of DEMATEL. Battelle Geneva Res. Cent., Geneva Switz. 1972, 1, 12–14. [Google Scholar]

	



Arshad, M.W. Combination of Multi-Attributive Ideal-Real Comparative Analysis and Rank Order Centroid in Supplier Performance Evaluation. KLIK Kaji. Ilm. Inform. Dan Komput. 2024, 4, 2330–2341. [Google Scholar]








[image: Mathematics 12 03931 g001] 





Figure 1. Research method flow chart. 
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Figure 2. Photocatalytic portable air cleaner. 
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Figure 3. Cause-and-effect relationships between failure modes. 
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Figure 4. IT2F-MAIRCA and FMEA model comparison. 
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Figure 5. IT2F-MAIRCA and IT2F-TOPSIS, IT2F-CoCoSo, IT2F-VIKOR model comparison. 
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Table 1. Semantic variables corresponding to RPN index.
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	Level
	Severity (S)
	Occurrence (O)
	Detection (D)





	1
	No
	Almost never
	Almost certain



	2
	Very slight
	Remote
	Very high



	3
	Slight
	Very slight
	High



	4
	Minor
	Slight
	Moderately high



	5
	Moderate
	Low
	Medium



	6
	Significant
	Medium
	Low



	7
	Major
	Moderately high
	Slight



	8
	Extreme
	High
	Slight



	9
	Serious
	Very high
	Remote



	10
	Hazardous
	Almost certain
	Almost impossible







Source: Liu et al. [15].













 





Table 2. Key components of the air purifier system.
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	Item
	Air Purifier System Components
	Function/Description





	Component 1
	Fan
	Filtration efficiency/noise; allows air circulation.



	Component 2
	LED lamp
	Displays the power-on indicator and fan speed.



	Component 3
	UVLED lamp
	Converts energy into ultraviolet light; used for disinfection and sterilization functions.



	Component 4
	Power PCB
	Provides power to the system.



	Component 5
	Motor fan mount
	Reduces motor vibration/noise isolation.



	Component 6
	MCU (microcontroller unit)
	Microprocessor; controls various functions.



	Component 7
	Primary filter mesh
	Filters larger pollutants such as hair and PM10.



	Component 8
	Label
	SGS certified label (including report).



	Component 9
	Power IC
	Boost circuit board, activates the fan.



	Component 10
	PWM firmware
	Adjusts/stabilizes the system airflow.







Note: PWM refers to Pulse-Width Modulation.













 





Table 3. Air purifier system failure modes and definitions.
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	FM
	Air Purifier System Failure Modes
	Failure Mode Definitions





	FM1
	Poor USB connector contact
	Unable to start the device or poor contact after startup.



	FM2
	Excessive gap in mechanical assembly
	Affects airflow efficiency in the duct.



	FM3
	Abnormal fan noise
	Operating noise exceeds the standard threshold.



	FM4
	Insufficient LED brightness
	Unable to judge the current fan speed (three levels).



	FM5
	UVLED not lighting
	The purifier fails to operate effectively.



	FM6
	Mainboard failure
	Automatic shutdown failure or incorrect device startup.



	FM7
	APP connection failure
	Unable to directly operate the device via the APP.



	FM8
	Bluetooth module failure
	The system cannot operate due to Bluetooth connection failure.










 





Table 4. Presents the BO and OW vectors from the five experts for the four risk factors.
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	Expert
	BO
	RF1
	RF2
	RF3
	RF4





	E1
	RF1
	-
	SMI
	IV2
	VSMI



	E2
	RF1
	-
	SMI
	MMI
	VSMI



	E3
	RF1
	-
	SMI
	MMI
	IV8



	E4
	RF3
	IV2
	IV4
	-
	IV8



	E5
	RF1
	-
	IV6
	MMI
	IV8










 





Table 5. OW vectors for risk factors from five experts.
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	Expert
	OW
	RF1
	RF2
	RF3
	RF4





	E1
	RF4
	VSMI
	SMI
	SMI
	-



	E2
	RF4
	IV8
	IV4
	SMI
	-



	E3
	RF4
	IV8
	SMI
	MMI
	-



	E4
	RF4
	IV6
	MMI
	IV8
	-



	E5
	RF4
	IV8
	MMI
	SMI
	-










 





Table 6. IT2F weights for the risk factors.
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	Risk Factors
	IT2F Weights





	RF1
	((0.504, 0.525, 0.525, 0.567; 1, 1), (0.513, 0.525, 0.525, 0.542; 0.9, 0.9))



	RF2
	((0.118, 0.137, 0.137, 0.167; 1, 1), (0.126, 0.137, 0.137, 0.150; 0.9, 0.9))



	RF3
	((0.245, 0.320, 0.320, 0.423; 1, 1), (0.276, 0.320, 0.320, 0.383; 0.9, 0.9))



	RF4
	((0.055, 0.059, 0.059, 0.066; 1,1), (0.057, 0.059, 0.059, 0.062; 0.9, 0.9))










 





Table 7. Linguistic variables applied to evaluate failure modes and their performance values.






Table 7. Linguistic variables applied to evaluate failure modes and their performance values.





	Linguistic Variables
	Coding
	S
	O
	D
	EC
	TrIT2FNs





	Very poor
	VP
	No Impact
	Near Zero
	Almost Always Detectable
	No Cost
	((0, 0, 0, 0.1; 1, 1), (0.05, 0, 0, 0.05; 0.9, 0.9))



	Poor
	P
	Low Severity
	Low
	High
	Low
	((0, 0.1, 0.1, 0.3; 1, 1), (0.05, 0.1, 0.1, 0.25; 0.9, 0.9))



	Medium poor
	MP
	Medium-Low Severity
	Medium-Low
	Medium-High
	Medium-Low
	((0.1, 0.3, 0.3, 0.5; 1, 1), (0.15,0.3,0.3,0.45; 0.9, 0.9))



	Fair
	F
	Moderate Severity
	Medium
	Moderate
	Medium
	((0.3, 0.5, 0.5, 0.7; 1, 1), (0.35, 0.5, 0.5, 0.65; 0.9, 0.9))



	Medium good
	MG
	Medium-High Severity
	Medium-High
	Medium-Low
	Medium-High
	((0.5, 0.7, 0.7, 0.9; 1, 1), (0.55, 0.7, 0.7, 0.85; 0.9, 0.9))



	Good
	G
	High Severity
	High
	Low
	High
	((0.7, 0.9, 0.9, 1; 1, 1), (0.75, 0.9, 0.9, 0.95; 0.9, 0.9))










 





Table 8. Influence Relation Matrix of E1.
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	Failure Mode
	FM1
	FM2
	FM3
	FM4
	FM5
	FM6
	FM7
	FM8





	FM1
	-
	L
	VVL
	M
	M
	VVL
	VVL
	VVL



	FM2
	L
	-
	M
	VVL
	VVL
	VVL
	VVL
	VVL



	FM3
	VVL
	M
	-
	VVL
	VVL
	VVL
	VVL
	VVL



	FM4
	M
	VVL
	VL
	-
	VVL
	VL
	VVL
	VVL



	FM5
	M
	VVL
	VVL
	VVL
	-
	VVL
	VVL
	VVL



	FM6
	M
	VVL
	VVL
	VL
	VL
	-
	VH
	VVH



	FM7
	VVL
	VVL
	M
	VVL
	VVL
	VVL
	-
	VVL



	FM8
	VVL
	VVL
	VVL
	VVL
	VVL
	L
	H
	-










 





Table 9. Expert weights from five experts.
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	     λ  E 1      
	     λ  E 2      
	     λ  E 3      
	     λ  E 4      
	     λ  E 5      





	0.40
	0.15
	0.15
	0.15
	0.15










 





Table 10. Values of    D i  ⊕  R i    and    D i  ⊖  R i   .






Table 10. Values of    D i  ⊕  R i    and    D i  ⊖  R i   .





	
Failure Mode

	
     D i  ⊕  R i     

	
     D i  ⊖  R i     






	
FM1

	
((0.834, 2.128, 2.128, 5.577; 1, 1),

	
((−0.010, −0.023, −0.023, −0.055; 1, 1),




	
(1.275, 2.128, 2.128, 3.160; 0.9, 0.9))

	
(−0.012, −0.023, −0.023, −0.040; 0.9, 0.9))




	
FM2

	
((0.494, 1.607, 1.607, 4.563; 1, 1),

	
((0.009, 0.008, 0.008, 0.003; 1, 1),




	
(0.887, 1.607, 1.607, 2.850; 0.9, 0.9))

	
(0.010, 0.008, 0.008, 0.001; 0.9, 0.9))




	
FM3

	
((0.472, 1.564, 1.564, 4.468; 1, 1),

	
((−0.210, −0.336, −0.336, −0.687; 1, 1),




	
(0.862, 1.564, 1.564, 2.779; 0.9, 0.9))

	
(−0.239, −0.336, −0.336, −0.516; 0.9, 0.9))




	
FM4

	
((0.390, 1.418, 1.418, 4.228; 1, 1),

	
((0.019, 0.029, 0.029, 0.069; 1,1),




	
(0.768, 1.418, 1.418, 2.600; 0.9, 0.9))

	
(0.021, 0.029, 0.029, 0.052; 0.9, 0.9))




	
FM5

	
((0.336, 1.339, 1.339, 4.017; 1, 1),

	
((−0.061, −0.093, −0.093, −0.217; 1, 1),




	
(0.707, 1.339, 1.339, 2.442; 0.9, 0.9))

	
(−0.070, −0.093, −0.093, −0.162; 0.9, 0.9))




	
FM6

	
((0.852, 2.097, 2.097, 5.451; 1, 1),

	
((0.539, 0.807, 0.807, 1.501; 1, 1),




	
(1.296, 2.097, 2.097, 3.515; 0.9, 0.9))

	
(0.615, 0.807, 0.807, 1.124; 0.9, 0.9))




	
FM7

	
((0.517, 1.585, 1.585, 4.356; 1, 1),

	
((−0.333, −0.483, −0.483, −0.833; 1, 1),




	
(0.914, 1.585, 1.585, 2.693; 0.9, 0.9))

	
(−0.380, −0.483, −0.483, −0.624; 0.9, 0.9))




	
FM8

	
((0.500, 1.552, 1.552, 4.333; 1, 1),

	
((0.048, 0.092, 0.092, 0.220; 1, 1),




	
(0.895, 1.552, 1.552, 2.676; 0.9, 0.9))

	
(0.054, 0.092, 0.092, 0.165; 0.9, 0.9))











 





Table 11. Values of   E (  D i  ⊕  R i  )   and   E (  D i  ⊖  R i  )  .






Table 11. Values of   E (  D i  ⊕  R i  )   and   E (  D i  ⊖  R i  )  .





	Failure Mode
	    E (  D i  ⊕  R i  )    
	    E (  D i  ⊖  R i  )    
	Influential Degree (%)





	FM1
	2.352
	−0.025
	15.54



	FM2
	1.807
	0.006
	11.94



	FM3
	1.762
	−0.356
	11.88



	FM4
	1.622
	0.033
	10.72



	FM5
	1.527
	−0.105
	10.11



	FM6
	2.316
	0.832
	16.26



	FM7
	1.760
	−0.487
	12.07



	FM8
	1.735
	0.101
	11.48










 





Table 12. Total Gap Matrix.






Table 12. Total Gap Matrix.





	Failure Mode
	RF1
	RF2
	RF3
	RF4





	FM1
	0.003
	0.003
	0.020
	0.000



	FM2
	0.049
	0.011
	0.001
	0.005



	FM3
	0.003
	0.009
	0.025
	0.000



	FM4
	0.004
	0.014
	0.004
	0.007



	FM5
	0.032
	0.014
	0.001
	0.004



	FM6
	0.003
	0.012
	0.030
	0.000



	FM7
	0.033
	0.012
	0.002
	0.004



	FM8
	0.031
	0.007
	0.008
	0.003










 





Table 13. Principal scores and ranking results for each failure mode.






Table 13. Principal scores and ranking results for each failure mode.





	Failure Mode
	Principal Score
	Ranking Result





	FM1
	0.026
	1



	FM2
	0.067
	8



	FM3
	0.037
	3



	FM4
	0.029
	2



	FM5
	0.051
	6



	FM6
	0.046
	4



	FM7
	0.051
	7



	FM8
	0.049
	5










 





Table 14. Model failure mode ranking comparison.






Table 14. Model failure mode ranking comparison.





	FM
	RPN

(S, O, D)
	RPN

(S, O, D, EC)
	IT2F-

TOPSIS
	IT2F-

CoCoSo
	IT2F-

VIKOR
	IT2F-

MAIRCA





	FM1
	1
	1
	1
	1
	1
	1



	FM2
	6
	7
	8
	8
	8
	8



	FM3
	5
	2
	3
	2
	3
	3



	FM4
	4
	8
	2
	3
	2
	2



	FM5
	7
	6
	7
	5
	5
	6



	FM6
	8
	4
	6
	4
	4
	4



	FM7
	3
	5
	4
	7
	7
	7



	FM8
	2
	3
	5
	6
	6
	5



	Spearman
	0.3571
	0.4524
	0.8333
	0.9524
	0.9762
	1










 





Table 15. Results of sensitivity analysis.
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	FM1
	FM2
	FM3
	FM4
	FM5
	FM6
	FM7
	FM8





	WS-1
	1
	8
	3
	2
	6
	4
	7
	5



	WS-2
	1
	8
	2
	4
	7
	3
	6
	5



	WS-3
	1
	8
	2
	5
	7
	4
	6
	3



	WS-4
	2
	6
	7
	1
	3
	8
	4
	5



	WS-5
	1
	5
	3
	6
	7
	8
	4
	2



	WS-6
	1
	4
	7
	6
	5
	8
	3
	2



	WS-7
	1
	7
	2
	8
	6
	3
	5
	4



	WS-8
	1
	8
	2
	7
	6
	3
	5
	4



	WS-9
	1
	7
	2
	8
	6
	4
	5
	3



	WS-10
	1
	8
	2
	5
	7
	3
	6
	4



	WS-11
	1
	8
	2
	5
	7
	4
	6
	3



	WS-12
	1
	8
	2
	4
	7
	3
	6
	5



	WS-13
	1
	8
	3
	2
	6
	4
	7
	5



	WS-14
	1
	8
	2
	5
	7
	3
	6
	4



	WS-15
	2
	6
	7
	1
	3
	8
	4
	5



	WS-16
	1
	8
	2
	7
	6
	3
	5
	4



	WS-17
	1
	5
	6
	7
	4
	8
	3
	2



	WS-18
	1
	7
	2
	8
	6
	4
	5
	3



	WS-19
	1
	5
	3
	6
	7
	8
	4
	2



	WS-20
	1
	7
	2
	8
	6
	4
	5
	3



	WS-21
	1
	4
	7
	6
	5
	8
	3
	2



	WS-22
	1
	7
	2
	8
	6
	3
	5
	4



	WS-23
	1
	6
	5
	7
	3
	8
	2
	4



	WS-24
	1
	7
	2
	8
	6
	3
	5
	4
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