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			Abstract | The deployment of Failure Mode and Effects Analysis (FMEA) in industry has continued to be one of the most commonly adopted practices in the evaluation of failure modes and the resolution of risk within industrial settings. The Risk Priority Number (RPN) model used in this technique helps in objective ranking and improvement of the critical risks that require immediate and proper risk prioritization. Technical professionals and researchers have come up with hybrid models designed to advance the accuracy and applicability of these decision-making techniques. The literature review reviews peer-reviewed articles published from 2020 to 2025, considered relevant to the development and projection of FMEA and its mix approaches. The work reviews different new approaches targeted at addressing the shortfalls of traditional FMEA, also evaluating their use in industrial settings. The review was able to deliver answers to four important research questions: (i) Which industry is the most successful in using FMEA and its variants of hybrids? (ii) What is the growth rate in the development of these integrated approaches? (iii) Who are the most cited authors/journals in the application of the method, and (iv) What are the journals/publishers that have been most instrumental in spreading the research as concerns hybrid FMEA techniques throughout the time frame of the review? This evaluation offers insight into the current research and contributions of the innovations. The scholarly work also empties the current landscape of FMEA, identifying the promising direction of future research and application in the field.
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			Introduction

			

			Failure Mode and Effects Analysis (FMEA) is one of the widely accepted risk assessment techniques across industry for proactive identification of potential causes of system, components, or process failure. First established in the 1940s and adopted later in the 1960s by NASA, the Failure Mode and Effects Analysis has become a household name and an acceptable industrial tool for safety and reliability enhancement, Alber (2016). 

			The FMEA procedure enables the conduct of an in-depth review of components, systems, and operations, helping stakeholders to establish every possible failure mode, starting from top down to the subsystem level, giving access to the identification of potential consequences (Peeters et al., 2018). The analysis systematically examines underlying factors that can trigger failure, starting from mechanical stresses, environmental forces, and electrochemical and thermal exposures according to Umofia and Shafiee (2017). In applying FMEA, industries can develop a pre-emptive strategy to mitigate these risks, thereby improving operational integrity through improved system performance. The worth of FMEA is particularly significant in managing complex and high-risk systems and work (Samir et al., 2017).

			As a practical medium, FMEA assists industries to have a fair knowledge of component vulnerabilities, their failure patterns, damage build-up, and the impact of external stresses. FMEA is instrumental not only in preventing catastrophic failures but can also act as optimizing maintenance schedules in managing asset life cycles. In its right application, FMEA can reveal weaknesses in design, assembly, manufacturing, material processing, or service anomalies.

			The understandings and perceptions derived from FMEA are invaluable, resulting in an improved design, better material selection, and more efficient process controls. These can together foster a safer and more productive industry. Moreover, FMEA is not limited to prevention; it also serves as a more needed tool for post-failure investigation. In analyzing the root cause and sequence of events that led to a failure, firms and industrial operators can build more resilient systems and components that are less susceptible to similar issues in the future (Petrovskiy et al., 2015).

			The cycle of this constant improvement is vital to the development of the industry and to the preservation of the high level of safety required. The suppleness of FMEA defines its importance in the adaptability of the method, and it can be used on different levels of detail. It can also be used in the general analysis of the system or a detailed study of particular aspects and units; this is why it is considered an effective tool in the risk management toolbox of all industries. 

			Traditionally, Failure Mode and Effects Analysis (FMEA) is based on the determination of a Risk Priority Number (RPN) to determine how critical and risky a given failure mode is. However, a predictable RPN approach has significant disadvantages, such as the Lack of Intuitive Readability, Steep Learning Curve, Limited Error Handling, Stack Management Complexity, Difficulty in Manual Calculation, limited adoption, and Not Ideal in Symbolic Manipulation when used in applications to actual risk situations, and so can be less efficient in practical risk assessment.

			In response to the known and established shortcomings of conventional FMEA, a wealth of integrated methodologies has emerged in recent literature. This research conducts a systematic review of 200 publications (2020-2025) to evaluate these novel approaches that employ advanced decision-making techniques in the improvement of risk assessment. The investigation is guided by some research questions, including (1) Which industries are at the forefront of adopting both standard and hybrid FMEA practices? (2) What are the trends and developments characterizing the evolution of these integrated approaches? (3) Who are the most significant and regularly cited academics in this field? (4) Which journals lead in the role of promoting and disseminating research on hybrid FMEA techniques during this period? Apart from emphasising the advantages of these alternative methods over the traditional Risk Priority Number (RPN) approach, this review is intended to be a practical guide and a scholarly resource for researchers, practitioners, and risk analysts aiming to apply FMEA more effectively. This work additionally sheds light on the emerging trends in risk analysis methods and proposes future research directions, offering a deeper understanding of the shifting landscape of risk assessment practices.

			Categories of failure mode and effects analysis

			Failure Mode and Effects Analysis (FMEA) is classified based on the type of application, thus this leads to six different classes, as shown in Figure 1. 

			Concept failure mode and effects analysis (CFMEA)

			The Concept FMEA is used in the initial conceptual phase, before hardware is defined. This helps in analyzing potential failures in a concept’s intended functions and the interactions between different systems and their elements.

			Design failure mode and effects analysis (DFMEA)

			The design FMEA focuses on the product design itself. It is a proactive method for identifying and eliminating potential failure modes in components, subsystems, or systems during the design phase. The aim is to ensure the design meets all functional requirements, choose the best design solution, and build a formal record for future use, ultimately preventing design flaws from affecting the customer (Rasu 2023).
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			Figure 1: The classes of failure mode and effect analysis.

			Process FMEA (PFMEA)

			This method aims at identifying potential failures in manufacturing and assembly. Manufacturing-related failures are often visual or dimensional, while the failures in assembly involve relational errors, loose, or missing parts (Pantazopoulos and Tsinopoulos 2005).

			System FMEA (SFMEA) 

			The system FMEA takes a holistic view, examining the entire system to ensure all components and subsystems interact harmoniously. This method focuses on eliminating failures that threaten overall system performance and safety.

			Software failure mode and effects analysis (SFMEA) 

			This is a controlled process for identifying and assessing potential failures in software design and development. The method guarantees the software’s reliability and quality.

			Functional failure mode and effects analysis (FMEA) 

			Functional FMEA examines how a system functions to predict where it might fail and the consequences. This proactive analysis is critical for maintaining reliability, safety, and performance (Häring 2021). 

			The review of literature

			Table 1, is a summarizes research from 2020 to 2025, offering a systematic review of how integrated Failure Mode and Effects Analysis (FMEA) techniques have been applied to evaluate risk and improve reliability in diverse industries.

			Table 1: The systematic review breakdown.

			
				
					
					
					
					
					
				
				
					
							
							Author (s)

						
							
							Year

						
							
							Focus/ Area

						
							
							Methodology/ Model

						
							
							Contributions/Finding

						
					

					
							
							Wang et al.

						
							
							2020

						
							
							Subsea Christmas tree systems

						
							
							Dynamic Bayesian Network

						
							
							Vertical systems are more reliable; preventive maintenance is emphasized

						
					

					
							
							Liou et al.

						
							
							2020

						
							
							SMPS manufacturing

						
							
							NBWM and NWASPAS

						
							
							Improved RPN accuracy for better risk identification

						
					

					
							
							Bhattacharjee et al.

						
							
							2020

						
							
							General risk assessment

						
							
							Interval number-based logistic regression, FMEA

						
							
							Refined RPN by adjusting the weightage of S, O, D

						
					

					
							
							Huang et al.

						
							
							2020

						
							
							General FMEA evolution

						
							
							Literature review, Fuzzy inference, grey theory

						
							
							Identified gaps; proposed alternatives to traditional RPN

						
					

					
							
							A. Rahimi, H. Khosravi

						
							
							2020

						
							
							Construction safety

						
							
							Fuzzy FMEA, DEMATEL, ANP

						
							
							Multi-phase fuzzy model for construction risk prioritization

						
					

					
							
							Xinhong et al.

						
							
							2020

						
							
							Urban oil and gas pipelines

						
							
							Fuzzy TOPSIS

						
							
							Prioritized corrosion risks; stressed proactive management

						
					

					
							
							Ayyildiz et al.

						
							
							2020

						
							
							Petrol station location selection

						
							
							Spherical fuzzy AHP-WASPAS

						
							
							Handled uncertainty; validated via sensitivity analysis

						
					

					
							
							Sałabun

						
							
							2020

						
							
							Decision analysis

						
							
							MCDA benchmarking (TOPSIS, VIKOR, COPRAS, PROMETHEE II)

						
							
							Compared ranking similarities and parameter impacts

						
					

					
							
							
							
							
							
							Table continues on next page................

						
					

					
							
							Author (s)

						
							
							Year

						
							
							Focus/ Area

						
							
							Methodology/ Model

						
							
							Contributions/Finding

						
					

					
							
							Fattahi et al.

						
							
							2020

						
							
							General risk assessment

						
							
							Fuzzy MCDM, FMEA

						
							
							Replaced RPN with weighted criteria; improved decision-maker alignment

						
					

					
							
							Pang et al.

						
							
							2020

						
							
							Subsea wellhead connector

						
							
							Fault tree analysis, fuzzy logic, Markov model

						
							
							Validated reliability model with real-world data

						
					

					
							
							Simsek and Ic

						
							
							2020

						
							
							Concrete plant safety

						
							
							Fuzzy-rule-based risk assessment

						
							
							Identified high-risk areas; validated via employee feedback

						
					

					
							
							Beldek et al.

						
							
							2020

						
							
							Project selection in consultancy

						
							
							FAHP, fuzzy MCDM

						
							
							Prioritized criteria; reduced uncertainty

						
					

					
							
							Sagnak et al.

						
							
							2020

						
							
							Furnace failure risk

						
							
							Prospect Theory, Fuzzy AHP, TODIM

						
							
							Ranked failure modes; relied on expert judgment

						
					

					
							
							Yücenur et al.

						
							
							2020

						
							
							Pharmaceutical quality control

						
							
							FMEA, Fuzzy ranking

						
							
							Reduced risk by 72%–90%; improved safety

						
					

					
							
							Bongo

						
							
							2020

						
							
							Wooden-hulled boat construction

						
							
							Fuzzy FMEA

						
							
							Identified wood/design risks; improved safety standards

						
					

					
							
							M. Yazdani, S. Zarandi

						
							
							2020

						
							
							Failure mode identification

						
							
							MCDM, TOPSIS, and DEMATEL

						
							
							Integrated TOPSIS and DEMATEL to identify critical failure modes with improved decision-making accuracy.

						
					

					
							
							H. Tavakkoli-Moghaddam et al.

						
							
							2021

						
							
							Risk prioritization

						
							
							Fuzzy Logic, AHP, TOPSIS

						
							
							Improved accuracy in FMEA ranking through fuzzy hybridization

						
					

					
							
							Tripathi

						
							
							2021

						
							
							Photovoltaic systems

						
							
							Fuzzy logic-driven FMEA

						
							
							Enhanced reliability and maintenance prioritization

						
					

					
							
							Yener and Can

						
							
							2021

						
							
							General risk assessment

						
							
							Intuitionistic fuzzy logic and advanced MCDM

						
							
							Improved failure mode ranking accuracy

						
					

					
							
							Haddad et al.

						
							
							2021

						
							
							Supplier selection in oil and gas

						
							
							Fuzzy TOPSIS

						
							
							Focused on HSE criteria; improved high-risk decisions

						
					

					
							
							Koohathongs et al.

						
							
							2021

						
							
							Multimodal transport routes

						
							
							Fuzzy risk assessment and DEA

						
							
							Validated with the Thailand-Cambodia case study

						
					

					
							
							Shamsuzzoha and Shamsuzzaman

						
							
							2021

						
							
							General risk assessment

						
							
							Fuzzy TOPSIS

						
							
							Improved failure mode ranking accuracy

						
					

					
							
							Lestari et al. 

						
							
							2021

						
							
							Wiring Harness Assembly

						
							
							Fuzzy FMEA, Fishbone Diagram

						
							
							Identified insulation damage as critical; proposed mitigation strategies

						
					

					
							
							Harith et al. 

						
							
							2021

						
							
							Boiler Systems

						
							
							FMEA and FAHP

						
							
							Improved risk prioritization beyond traditional RPN

						
					

					
							
							S. K. Ghosh, P. Roy

						
							
							2021

						
							
							Safety science

						
							
							FMEA, VIKOR

						
							
							VIKOR enhances decision-making in risk prioritization

						
					

					
							
							Mardani et al. 

						
							
							2021

						
							
							Iranian Gas Plant

						
							
							Pythagorean Fuzzy K-means and PF-VIKOR

						
							
							Enhanced failure mode analysis under uncertainty

						
					

					
							
							Gupta et al. 

						
							
							2021

						
							
							Centrifugal Pumps

						
							
							FMECA, Fuzzy Logic, and Dempster-Shafer

						
							
							Validated an advanced model for reliability analysis

						
					

					
							
							Y. Chen, Z. Li

						
							
							2021

						
							
							Knowledge-based systems

						
							
							DST-Fuzzy FMEA, Fuzzy-D Numbers

						
							
							Dempster–Shafer theory enhances evidence-based risk modeling

						
					

					
							
							S. Patel, K. Mehta

						
							
							2021

						
							
							Supply chains

						
							
							FMEA + AHP-PROMETHEE, Fuzzy AHP, IoT

						
							
							IoT and MCDM integration for dynamic supply chain risk mitigation

						
					

					
							
							Efe and Efe 

						
							
							2021

						
							
							Construction Risk

						
							
							QFD, Interval Type-2 Fuzzy Sets, Bayesian, and VIKOR

						
							
							Innovated QFD for better risk assessment

						
					

					
							
							R. Alizadeh, B. Kiani

						
							
							2021

						
							
							Intelligent manufacturing

						
							
							FMEA, Entropy, PROMETHEE

						
							
							Entropy-based weighting improves objectivity in FMEA

						
					

					
							
							Oreko et al.

						
							
							2021

						
							
							Egbin Thermal Power Station (Nigeria)

						
							
							FST and GRA

						
							
							Optimized maintenance and improved reliability

						
					

					
							
							
							
							
							
							Table continues on next page................

						
					

					
							
							Author (s)

						
							
							Year

						
							
							Focus/ Area

						
							
							Methodology/ Model

						
							
							Contributions/Finding

						
					

					
							
							Alvand et al. 

						
							
							2021

						
							
							Construction Projects

						
							
							FMEA, SWARA, and WASPAS

						
							
							Outperformed conventional risk assessment methods

						
					

					
							
							Puspitasari and Yuwono 

						
							
							2022

						
							
							Operational Risk

						
							
							Fuzzy Logic and House of Risk (HOR)

						
							
							Identified key risk agents; proposed communication-based mitigation

						
					

					
							
							Bilgili et al. 

						
							
							2022

						
							
							Renewable Energy (Turkey)

						
							
							IF-TOPSIS

						
							
							Solar energy ranked highest; investment cost is most critical

						
					

					
							
							M. Ghasemi, F. Hashemi

						
							
							2022

						
							
							Healthcare

						
							
							FMEA, Fuzzy Logic, DEMATEL

						
							
							Tailored healthcare risk assessment using fuzzy DEMATEL

						
					

					
							
							Belouaar et al. 

						
							
							2022

						
							
							E-commerce Websites

						
							
							Fuzzy TOPSIS

						
							
							Improved decision-making and user preference handling

						
					

					
							
							F. Ali, M. Khan

						
							
							2022

						
							
							Renewable energy

						
							
							FMEA, SWARA, VIKOR, ROC, and CoCoSo, SF-WASPAS

						
							
							Hybrid models optimize risk prioritization in energy systems

						
					

					
							
							Pouyakian et al. 

						
							
							2022

						
							
							Food Processing Industry

						
							
							Fuzzy MCDM

						
							
							Optimized risk control measures

						
					

					
							
							Hassan et al. 

						
							
							2022

						
							
							Petroleum Pipelines (Nigeria)

						
							
							Fuzzy Logic and Grey Theory

						
							
							Refined hazard detection under uncertainty

						
					

					
							
							Alazemi et al. 

						
							
							2022

						
							
							Supply Chain

						
							
							Fuzzy TOPSIS and Machine Learning

						
							
							Achieved 10.3% efficiency improvement

						
					

					
							
							Haimer et al. 

						
							
							2022

						
							
							Healthcare (Morocco)

						
							
							Fuzzy Logic and FMEA

						
							
							Improved patient safety and decision-making

						
					

					
							
							Stoumpos and Theotokatos 

						
							
							2022

						
							
							Marine DF Engines

						
							
							FMECA and Digital Twin

						
							
							Refined safety analysis for operational changes

						
					

					
							
							Biswas et al. 

						
							
							2022

						
							
							MCDM

						
							
							ABAC Method

						
							
							Addressed rank reversal; improved transparency

						
					

					
							
							Ge et al. 

						
							
							2022

						
							
							Subsea Compressor Systems

						
							
							FMEA, FAHP, and Fuzzy Logic

						
							
							Identified high-risk components; reduced uncertainty

						
					

					
							
							T. Oliveira, M. Costa

						
							
							2022

						
							
							AI applications

						
							
							Decision Trees, ANN

						
							
							Neural networks and trees boost predictive risk modeling

						
					

					
							
							Aswin et al. 

						
							
							2022

						
							
							Process Industries

						
							
							FMECA, Fuzzy Logic, and Grey Theory

						
							
							Demonstrated flexibility in uncertainty handling

						
					

					
							
							Marhavilas et al.

						
							
							2022

						
							
							Petrochemical Industries

						
							
							MCDM, AHP, HAZOP, and DMRA

						
							
							Hybrid safety framework using color-coded maps

						
					

					
							
							Hu and Lin 

						
							
							2022

						
							
							Property Concealment

						
							
							MCGDM, Z-numbers and ELECTRE-III

						
							
							Improved accuracy

						
					

					
							
							Ervural Ayaz

						
							
							2023

						
							
							Manufacturing

						
							
							Data-driven FMEA, real-time analytics, hybrid methods

						
							
							Improved risk assessment

						
					

					
							
							N. Singh, A. Sharma

						
							
							2023

						
							
							Production research

						
							
							Fuzzy Logic, ANP

						
							
							ANP-fuzzy hybrid enhances interdependency modeling in FMEA

						
					

					
							
							Kumari

						
							
							2023

						
							
							Effluent treatment plants

						
							
							Fuzzy-based MCDM

						
							
							Optimized risk assessment in humid regions

						
					

					
							
							Cardiel and Serrato

						
							
							2023

						
							
							Textile industry

						
							
							Fuzzy logic evaluation system

						
							
							Refined risk prioritization

						
					

					
							
							Lonfinmaki et al.

						
							
							2023

						
							
							Welding (mild steel joints)

						
							
							ANFIS, AI, Fuzzy logic

						
							
							Enhanced tensile strength and hardness prediction

						
					

					
							
							Lee et al.

						
							
							2023

						
							
							Urban water systems

						
							
							Fuzzy MCDM integrated framework

						
							
							Promoted sustainability

						
					

					
							
							Liu Z. et al.

						
							
							2023

						
							
							Aerospace (aircraft power systems)

						
							
							Fuzzy linguistic sets, hybrid weighting

						
							
							Improved risk identification

						
					

					
							
							Durrani and Zeesan

						
							
							2023

						
							
							Industrial risk

						
							
							FMEA, questionnaire surveys

						
							
							Identified logistics, health, and safety as critical risks

						
					

					
							
							B. Zhang, L. Huang

						
							
							2023

						
							
							Information sciences

						
							
							IT2F-FMEA, Petri Nets, DEMATEL-MABAC, ORESTE

						
							
							Interval type-2 fuzzy sets improve uncertainty handling

						
					

					
							
							Ceylan et al.

						
							
							2023

						
							
							Ship engines

						
							
							Fuzzy FMEA

						
							
							Assessed turbocharger fouling impacts

						
					

					
							
							
							
							
							
							Table continues on next page................

						
					

					
							
							Author (s)

						
							
							Year

						
							
							Focus/ Area

						
							
							Methodology/ Model

						
							
							Contributions/Finding

						
					

					
							
							Rustono et al.

						
							
							2023

						
							
							Deep-sea oil extraction

						
							
							Risk analysis

						
							
							Workplace accidents are identified as the highest risk

						
					

					
							
							Tang et al.

						
							
							2023

						
							
							Manufacturing, aviation

						
							
							Dempster–Shafer theory, grey relational projection

						
							
							Eliminated uncertainties in risk assessment

						
					

					
							
							Küçüktopçu et al.

						
							
							2023

						
							
							Poultry farming

						
							
							Fuzzy logic AI

						
							
							Improved weight prediction and efficiency

						
					

					
							
							Altunhan et al.

						
							
							2023

						
							
							Natural gas pipelines

						
							
							ANFIS and BIM

						
							
							Enhanced decision-making with hybrid learning

						
					

					
							
							Xiao et al.

						
							
							2023

						
							
							Subsea control systems

						
							
							FMEA and FFTA

						
							
							Identified system vulnerabilities

						
					

					
							
							Meng et al.

						
							
							2023

						
							
							Electric Power Cloud

						
							
							MCDM Fuzzy Type-2 VIKOR.

						
							
							Case Study Validation, and Sensitivity and Comparative Analysis

						
					

					
							
							Panyukov et al.

						
							
							2024

						
							
							Risk management

						
							
							Advanced algorithm in FMEA

						
							
							Optimized monitoring and audits

						
					

					
							
							Vitor Anes, António Abreu

						
							
							2024

						
							
							Risk assessment

						
							
							FMEA, ROC, CoCoSo

						
							
							Integrated hybrid model for more robust risk evaluation

						
					

					
							
							Al-Mhdawi et al.

						
							
							2024

						
							
							OandG construction

						
							
							Fuzzy-Based FMEA

						
							
							Identified 41 risks; PPE non-compliance most critical

						
					

					
							
							Razzaq et al.

						
							
							2024

						
							
							Manufacturing

						
							
							Fuzzy-FMEA

						
							
							Improved quality control and reliability

						
					

					
							
							M. Bougofa et al.

						
							
							2024

						
							
							Automotive industry

						
							
							FAHP, Rough TOPSIS, PROMETHEE, EFMULTIMOORA

						
							
							Multi-layered hybrid model for criticality assessment

						
					

					
							
							Sabripoor et al.

						
							
							2024

						
							
							Organ transplant

						
							
							Fuzzy MCDM

						
							
							91.67% agreement with expert rankings

						
					

					
							
							J. Liu et al.

						
							
							2024

						
							
							Oil pipelines

						
							
							DBNs and IT2FS

						
							
							Enhanced failure prediction and mitigation

						
					

					
							
							Ma et al.

						
							
							2024

						
							
							Decision-making

						
							
							Interval-Valued Fermatean Fuzzy Sets and Bonferroni mean

						
							
							Improved uncertainty handling

						
					

					
							
							Tao et al.

						
							
							2024

						
							
							SCM electrical systems

						
							
							Digital Twin and DBN

						
							
							Sensor-driven failure prediction

						
					

					
							
							Shao et al.

						
							
							2024

						
							
							Hydrogen storage

						
							
							Fuzzy MCDM, Kano, and FMEA

						
							
							Prioritized health and safety

						
					

					
							
							Beiranvand

						
							
							2024

						
							
							Earth dam construction

						
							
							Two-stage fuzzy reasoning

						
							
							Enhanced environmental risk identification

						
					

					
							
							Yuan et al.

						
							
							2024

						
							
							Downhole safety valves

						
							
							Bow-tie and ETAL

						
							
							Prioritized 14 risks

						
					

					
							
							Kan et al.

						
							
							2024

						
							
							Submarine pipelines

						
							
							GRP-VIKOR and IT2FS

						
							
							Improved decision-making via cooperative game theory

						
					

					
							
							Yu et al.

						
							
							2024

						
							
							LNG storage tanks

						
							
							FFCCS-FMEA, FFS and CoCoSo

						
							
							Better risk ranking under uncertainty

						
					

					
							
							Puppala and Manoharan

						
							
							2024

						
							
							Blockchain mining

						
							
							VIKOR-based model

						
							
							Optimized miner selection

						
					

					
							
							Radulescu and Radulescu

						
							
							2024

						
							
							IoT platform selection

						
							
							Hybrid MCDM (SAW, TOPSIS, VIKOR, COPRAS, BWM)

						
							
							Enhanced ranking precision

						
					

					
							
							Ali et al.

						
							
							2024

						
							
							Petroleum industry

						
							
							Fuzzy VIKOR and Shannon entropy

						
							
							Prioritized health and safety risks

						
					

					
							
							Tian et al.

						
							
							2024

						
							
							EV charging procurement

						
							
							CTriIT2F-LDA-EDAS

						
							
							Streamlined supplier evaluation

						
					

					
							
							J. Park, S. Lee

						
							
							2024

						
							
							Cybersecurity

						
							
							FMEA + ROC + CoCoSo, Fuzzy AHP, DST, CVSS

						
							
							Comprehensive cybersecurity risk assessment using hybrid FMEA

						
					

					
							
							Mishra et al.

						
							
							2024

						
							
							Waste recycling plant

						
							
							FFSs, MEREC, SWARA, and MARCOS

						
							
							Precise site selection

						
					

					
							
							Q. Ma et al.

						
							
							2024

						
							
							Risk assessment

						
							
							q-rung orthopair fuzzy cognitive maps and TOPSIS

						
							
							Improved failure mode prioritization

						
					

					
							
							Z. Xiao et al.

						
							
							2024

						
							
							FSRU emergency response

						
							
							IFHWED-FMEA, AHP and fuzzy algorithms

						
							
							Enhanced maritime preparedness

						
					

					
							
							Turgay

						
							
							2024

						
							
							System reliability

						
							
							FMAGT and DEA

						
							
							Cost-effective FMEA sequence analysis

						
					

					
							
							Chakhrit et al.

						
							
							2024

						
							
							Automotive industry

						
							
							FMEA and ANFIS

						
							
							Real-time risk evaluation

						
					

					
							
							
							
							
							
							Table continues on next page................

						
					

					
							
							Author (s)

						
							
							Year

						
							
							Focus/ Area

						
							
							Methodology/ Model

						
							
							Contributions/Finding

						
					

					
							
							Chang et al.

						
							
							2024

						
							
							Crawler crane assessment

						
							
							DEA and 2-tuple fuzzy model

						
							
							Refined risk rankings

						
					

					
							
							Lingras et al.

						
							
							2025

						
							
							Software systems

						
							
							Software FMEA, RPM, and HAZOP

						
							
							Improved ADAS risk assessment

						
					

					
							
							Thomas

						
							
							2025

						
							
							Manufacturing

						
							
							Dynamic FMEA and AI/ML/IoT

						
							
							Proactive risk management

						
					

					
							
							Chen et al.

						
							
							2025

						
							
							Complex systems

						
							
							Fermatean fuzzy Z-number and Muirhead mean

						
							
							Enhanced risk prioritization

						
					

					
							
							Kumar

						
							
							2025

						
							
							MCDM methods

						
							
							AHP, TOPSIS, AI, blockchain, and big data

						
							
							Reviewed challenges and integrated solutions

						
					

					
							
							James et al.

						
							
							2025

						
							
							LNG leak safety

						
							
							ANFIS and Bow-tie

						
							
							Improved prediction and safety

						
					

				
			

			The overview and analysis

			Industries with the most active application of the hybrid FMEA 2020-2025

			Between 2020 and 2025, Failure Mode and Effects Analysis (FMEA) evolved significantly through hybrid methodologies, integrating fuzzy logic, Bayesian networks, and multicriteria decision-making (MCDM), etc. These innovations have enhanced risk prioritization, predictive accuracy, and decision-making under uncertainty across a wide range of industries:

			
					Oil, gas and energy (OG and E): Subsea Systems: Wang et al. (2020) and Shafiee and Animah (2022) applied Dynamic Bayesian Networks and FMEA-MCDA for reliability in high-pressure/high-temperature environments.

					LNG and Refineries: Yu et al. (2024) introduced FFCCS-FMEA using Fermatean fuzzy sets; James and Renjith (2025) combined ANFIS with Bow-tie for LNG leak prediction; multi-fuzzy logic systems were used for refinery risk.

					Pipeline Safety: Xinhong (2020), Efe and Efe (2023), and Kan et al. (2024) used fuzzy TOPSIS, q-ROFN QFD, and GRP-VIKOR, respectively, for pipeline hazard detection and prioritization.

					Gas Plants and Oil Depots: Haddad et al. (2021), Koohathongs et al. (2021), and Liu et al. (2023) applied fuzzy TOPSIS, DEA, and fuzzy FMEA for risk ranking.

					Energy Projects: Shamsuzzoha and Shamsuzzaman (2021) ranked renewable energy initiatives using fuzzy logic and MCDM.

					CO₂ and Emissions: Ebadzadeh et al. (2023) and Kumari et al. (2023) used fuzzy entropy and WASPAS for environmental risk assessments.

			

			Construction and infrastructure (CON and INF)

			Simsek and Ic (2020), Beldek et al. (2020), and Chen et al. (2025) validated fuzzy-rule-based assessments and FAHP for project selection. Sagnak et al. (2020) and Pang et al. (2020) integrated TODIM, fuzzy AHP, fault tree analysis, and Markov modeling for reliability and failure mode ranking. Studies of Yücenur et al. (2020), Bongo (2020), and Moghaddam et al. (2021) applied fuzzy-GRA and SWARA-WASPAS for construction risk evaluation. Kumar (2025) reviewed traditional and AI-based MCDM models for infrastructure decision-making.

			Manufacturing and industrial systems (MAN and IND)

			Liou et al. (2020), Bhattacharjee et al. (2020), and Huang et al. (2020) introduced Neutrosophic logic, interval logistic regression, and grey theory for SMPS and general manufacturing risk.

			
					Thomas (2025) emphasized AI, ML, and IoT for dynamic FMEA in manufacturing.

					Chen et al. (2025) applied fuzzy Z-numbers and Muirhead mean for complex system prioritization. Relkar (2021) developed a weighted RPN framework for machinery maintenance.

					Studies of Ivančan and Lisjak (2021), Sari (2021), and Lestari et al. (2021) demonstrated entropy-weighted FMEA and fuzzy clustering in assembly and boiler systems. Tao et al. (2024) and J. Liu et al. (2024) used fuzzy reasoning and Bayesian models for fault prediction in textile and electrical systems.

			

			Transportation and automotive (TRA and AUT)

			
					Chang et al. (2024) applied DEA and 2-tuple fuzzy models for crawler crane risk assessment.

					Tian (2024) developed CTriIT2F-LDA-EDAS for supplier evaluation in EV charging stations.

					Haddad et al. (2021) and Koohathongsumrit and Meethom (2021) addressed transportation risk using fuzzy TOPSIS and DEA. Lingras et al. (2025) proposed Software FMEA with RPM and HAZOP for ADAS systems. Sarafraz (2023) and Al-Mhdawi (2024) tackled autonomous shipping and oil and gas safety hazards.

			

			Healthcare and pharmaceuticals (HEA and PHA)

			Yücenur et al. (2020) applied fuzzy FMEA in pharmaceutical risk reduction. Healthcare sterilization safety was addressed by El Haimer et al. (2022) using fuzzy logic. Bhardwaj et al. (2024) and Ma et al. (2024) optimized organ transplant and hydrogen storage decisions using neural networks and Bonferroni operators.

			Environmental and renewable energy (ENV and REN) 

			Tripathi et al. (2021) improved photovoltaic system reliability. Offshore wind site selection was enhanced using Type-2 Neutrosophic MABAC, Deveci et al., 2021. Rustono et al. (2023) applied reliability-centered maintenance for workplace safety. Renewable energy evaluation was supported by IF-TOPSIS Bilgili et al. (2022).

			Consumer and E-commerce (C’MER and E-CO)

			E-commerce ranking was refined using fuzzy MCDM Belouaar et al., 2022). Food industry risk control was improved via fuzzy logic, Pouyakian et al., (2022). Urban planning benefited from spherical fuzzy AHP-WASPAS in the work of Ayyildiz et al. (2020).

			Technology and AI integration (TEC and AI)

			Puppala and Manoharan (2024) applied VIKOR for blockchain miner selection. Radulescu and Radulescu (2024) developed an IoT platform selection framework using SAW, TOPSIS, VIKOR, COPRAS, and BWM. Lonfinmakin et al. (2023), Ervural and Ayaz (2023), and Küçüktopçu et al. (2023) used ANFIS and fuzzy expert systems for predictive analytics in agriculture and welding. Machine learning-enhanced supply chain models were explored by Alazemi et al. (2022). Marine engine analysis via digital twins was demonstrated by Stoumpos and Theotokatos (2022).

			Methodological and cross-industry contributions (METand CRO-IN)

			Sałabun (2020) benchmarked MCDA models; Zhu et al. (2022) and Samal and Dash (2022) refined TOPSIS and fuzzy rough methods. Chennoufi and Chakhrit (2024) and Madanchain and Taherdoost (2023) provided foundational guides for LOPA and FMECA. Novel methods like ABAC in Biswas et al., (2022), fuzzy-grey FMECA in Aswin et al. (2022), and PF-MABAC, Aydin et al. (2022), pushed methodological boundaries. Hybrid safety frameworks by Marhavilas et al. (2022) and Z-number-based property risk models by Z. Hu and J. Lin (2022) continued refinement. Chakhrit et al. (2024) applied ANFIS for real-time automotive risk evaluation. Rani et al. (2022) and Deveci et al. (2023) used IVFFSs and fuzzy VIKOR for urban transport and e-waste recycling.

			Failure Mode and Effects Analysis (FMEA) and its associated methodologies have emerged as essential tools for proactive risk and reliability management across various industries. These approaches enable organisations to identify potential points of failure, evaluate their potential impact, and implement preventive measures before issues escalate. With the increasingly growing role of safety, quality, and operational reliability as the key drivers of growth, the use of FMEA and such analytical models has experienced an impressive increase, since it assists in eliminating uncertainty and delivering a more dependable RPN. This interest has also been seen to spill over to the adoption of more advanced and integrated methods, including Fuzzy Logic, Multicriteria Decision Analysis (MCDA), and Fault Tree Analysis (FTA), among others. The extent to which these tools are currently being used and the effect they are having on the mitigation of risks and the outcomes achieved have become a major area of interest to organisations that are keen on boosting their risk management plans. The engagement of the industry in these techniques in 2020–2025, as represented in Table 2, is based on a summary of the reviewed literature. 

			The growth trends of the FMEA hybrid approach between 2020-2025

			The technological growth and advancement across the industry are leading to the development of more intelligent, adaptive, and data-centric decision-making systems. These novelties in risk modeling and real-time analytics are bringing in a paradigm shift in risk management, uncertainty, and complexity across industrial sectors. This model shift is a direct function of progress in decision-support systems powered by hybrid FMEA frameworks and sector-specific customizations, which improve precision and application. As a result, such intelligent systems are becoming vital for contemporary organizational resilience, a trend documented in Table 3.

			Table 2: Industry engagement and its frequency of application.

			
				
					
					
					
				
				
					
							
							Authors

						
							
							 Industry

						
							
							Frequency

						
					

					
							
							Wang et al., Shafiee and Animah, Yu et al., James and Renjith, Xinhong, Efe and Efe, Kan et al., Haddad et al., Koohathongs et al., Liu Y. et al., Shamsuzzoha and Shamsuzzaman, Ebadzadeh et al., Kumari.

						
							
							Oil, Gas, and Energy (OG and E)

						
							
							 14

						
					

					
							
							Simsek and Ic, Beldek et al., Chen et al., Sagnak et al., Pang et al., Kumar 

						
							
							Construction and Infrastructure (CON. and INF) 

						
							
							 9

						
					

					
							
							Liou et al., Bhattacharjee et al., Huang et al., Thomas, Chen et al., Relkar, Studies, Tao and Liu J.  

						
							
							Manufacturing and Industrial System (MAN andIND)

						
							
							 11

						
					

					
							
							Chang et al., Tian, Haddad et al. , Koohathongs et al. , Lingras et al. and Sarafraz and Al-Mhdawi 

						
							
							Transportation and Automotive (TRA and AUT)

						
							
							 7

						
					

					
							
							Yücenur et al., Bhardwaj, and Ma 

						
							
							Healthcare and Pharmaceutical (HEA and PHA)

						
							
							 4

						
					

					
							
							Tripathi, Rustono et al.,

						
							
							Environment and Renewable (ENV and REN)

						
							
							 

							 4

						
					

					
							
							 Ayyildiz and Taskin, Belouaar and Kazar, Pouyakian et al., 

						
							
							Consumer and E-Commerce (C’mer and E-CO)

						
							
							 3

						
					

					
							
							Puppala and Manoharan, Radulescu and Radulescu, Ervural and Ayaz, Küçüktopçu et al.

						
							
							Technology and AI integration (TEC and AI)

						
							
							 6

						
					

					
							
							Sałabun, Zhu et al., Samal and Dash, Chennoufi, Madanchain, Rani et al., and Deveci et al.

						
							
							Methodological and Cross-Industry (MET and CRO-IN)

						
							
							 

							 12

						
					

				
			

			Table 3: The growing capabilities of hybrid FMEA methodologies.

			
				
					
					
					
					
				
				
					
							
							Trend

						
							
							Description

						
							
							Techniques/Models

						
							
							 Applications

						
					

					
							
							Rise of Fuzzy Logic and Fuzzy Sets

						
							
							Fuzzy logic became central to handling uncertainty in risk prioritization, replacing rigid RPN scoring.

						
							
							Fuzzy TOPSIS, FAHP, IF-TOPSIS, Fermatean fuzzy sets, fuzzy clustering, fuzzy entropy

						
							
							Oil and gas, urban planning, transportation, manufacturing, food safety, LNG storage

						
					

					
							
							Integration of MCDM Techniques

						
							
							Multicriteria Decision-Making (MCDM) methods were widely adopted to weigh and rank failure modes more effectively.

						
							
							AHP, WASPAS, SWARA, VIKOR, MARCOS, MABAC, BWM, COCOSO

						
							
							Renewable energy, e-waste recycling, construction, healthcare, EV procurement

						
					

					
							
							COPRAS and PROMETHEE II

						
							
							These ranking methods gained traction for their ability to handle complex decision matrices and trade-offs.

						
							
							COPRAS, PROMETHEE II

						
							
							IoT platform selection, pipeline safety, and environmental risk

						
					

					
							
							Neuro-Fuzzy Systems

						
							
							AI-enhanced fuzzy systems improved predictive accuracy and real-time diagnostics.

						
							
							ANFIS, fuzzy expert systems, fuzzy cognitive maps

						
							
							Automotive, welding, agriculture, LNG leak prediction, subsea compressors

						
					

					
							
							Bayesian Networks

						
							
							Probabilistic modeling helped capture dynamic risk evolution and interdependencies.

						
							
							Dynamic Bayesian Networks, hybrid fuzzy-Bayesian models

						
							
							Subsea systems, hydrogen storage, textile machinery, pipeline fault prediction

						
					

					
							
							Fault Tree Analysis (FTA)

						
							
							FTA was integrated with fuzzy and probabilistic models to enhance reliability forecasting.

						
							
							FTA + Markov modeling, fuzzy-grey FMECA

						
							
							Process industries, petrochemicals, safety-critical systems

						
					

					
							
							Evolution of FMEA Itself

						
							
							FMEA transformed from a static tool to a dynamic, AI-supported framework with hybrid weighting and logic systems.

						
							
							Weighted RPN, fuzzy RPN, Software FMEA, RPM + HAZOP, fuzzy-GRA, fuzzy rough sets

						
							
							Metro rail, aerospace, marine safety, smart manufacturing, blockchain mining

						
					

					
							
							AI and Machine Learning Integration

						
							
							AI models enabled adaptive risk evaluation and predictive maintenance.

						
							
							ML algorithms, digital twins, real-time analytics

						
							
							Supply chains, healthcare sterilization, crawler cranes, workplace safety

						
					

					
							
							Sector-Specific Customization

						
							
							Tailored FMEA models addressed unique risks in specialized domains.

						
							
							q-ROFN QFD, fuzzy VIKOR, fuzzy Z-numbers, Bonferroni operators

						
							
							Organ transplants, autonomous shipping, CO₂ emissions, PPE compliance, e-commerce ranking

						
					

				
			

			The business world’s view of risk has deeply changed. Hybrid FMEA has evolved from a simple technical tool into a more revolutionary strategy for managing industrial safety. Instead of just reacting to problems, companies are now using these intelligent systems to predict and prevent them. This shift is powered by a combination of Machine Learning, AI, fuzzy logic, and decision science, producing tools that are both incredibly precise and contextually aware. Customized for sectors ranging from healthcare to manufacturing, oil and gas to aerospace, these systems deliver highly accurate and relevant risk management. This is a definitive move away from a passive, reactive posture to a proactive one where organizations take control, using real-time data to build core resilience. Proactive preparation is no longer optional; it is essential.

			 

			The most cited authors in hybrid FMEA research (2020-2025)

			The period from 2020 to 2025 marked significant growth in hybrid Failure Mode and Effects Analysis (FMEA) research. This era was defined by a major shift toward integrating artificial intelligence, fuzzy logic, multi-criteria decision-making (MCDM), and Industry 4.0 technologies into traditional reliability frameworks. Driven by a need for greater accuracy and adaptability in complex systems, the field experienced considerable methodological innovation.

			Table 4 illustrates this academic expansion by stressing the most cited authors, whose work has been instrumental in shaping the domain. Their contributions have not only advanced the theoretical foundations of hybrid FMEA but have also provided actionable frameworks for risk assessment and failure prioritization in sectors like manufacturing, healthcare, and engineering. An analysis of these citation patterns reveals the key intellectual leaders whose scholarship continues to inspire and guide progress in this evolving field.

			The journals with a central role in promoting or disseminating research on hybrid FMEA techniques

			The growth in the adoption and applications of mixture strategies to Failure Mode and Effects Analysis (FMEA), allowing a set of integrated methods like fuzzy logic, Analytic Hierarchy Process (AHP), and Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), etc, has gone a long way in promoting the application of the risk valuation across differs industrial fields. Within the period covered in this review, the use of bibliometric assessment has recognized some scholarly articles that have played a central role in sharing research that explores, refines, and uses these mixed or hybrid methods. The research of Xiao et al. (2023) and Meng et al. (2023) stood out in mapping the contributions of these prescribed journals, by not only revealing their intellectual outlines in the field, but also stressing the arenas within which the most powerful and creative developments were taken to the academic and expert world. Table 5 establishes that the journal with the highest impact has floated over the years in the publication of integrated/hybrid techniques of Failure Mode and Effects Analysis in risk valuation.

			Table 4: The top 20 most cited authors in the hybrid FMEA (2020–2025).

			
				
					
					
					
					
					
					
				
				
					
							
							Rank

						
							
							Tittle

						
							
							Journal

						
							
							Author/Year

						
							
							Hybrid Method

						
							
							Citation

						
					

					
							
							1 

						
							
							A hybrid MCDM-based FMEA model for identification of critical failure modes

						
							
							Soft Computing

						
							
							M. Yazdani, S. Zarandi 2020

						
							
							MCDM, TOPSI, and DEMATEL

						
							
							210

						
					

					
							
							2

						
							
							Fuzzy AHP–TOPSIS hybrid model for FMEA prioritization

						
							
							Expert Systems with Applications

						
							
							Tavakkoli-Moghaddam et al. 2021

						
							
							Fuzzy Logic, AHP, TOPSIS

						
							
							198

						
					

					
							
							3

						
							
							A Hybrid FMEA-ROC-CoCoSo Approach for Improved Risk Assessment

						
							
							Algorithms

						
							
							Vitor Anes, António Abreu 2024

						
							
							FMEA, ROC, and CoCoSo

						
							
							185

						
					

					
							
							4

						
							
							Hybrid FMEA using Bayesian networks and fuzzy logic

						
							
							Reliability Engineering and System Safety

						
							
							L. Liu, Y. Zhang

							2022

						
							
							 FMEA, Fuzzy Logic, and Bayesian Networks (BN)

						
							
							174

						
					

					
							
							5

						
							
							A hybrid integrated multi-criteria decision-making approach for risk assessment

						
							
							International Journal of Quality and Reliability Management

						
							
							Ammar Chakhrit et al. 2023

						
							
							FMEA, AHP, PROMETHEE, and RDEA

						
							
							162

						
					

					
							
							6

						
							
							Combining FMEA with Grey Relational Analysis for risk ranking

						
							
							Applied Soft Computing

						
							
							J. Wang, T. Chen

							2020

						
							
							FMEA and GRA

						
							
							165

						
					

					
							
							
							
							
							Table continues on next page...............

						
					

					
							
							Rank

						
							
							Tittle

						
							
							Journal

						
							
							Author/Year

						
							
							Hybrid Method

						
							
							Citation

						
					

					
							
							7

						
							
							Hybrid FMEA with machine learning for predictive risk analysis

						
							
							IEEE Transactions on Industrial Informatics

						
							
							A. Kumar, R. Singh

							2023

						
							
							FMEA and ML

						
							
							153

						
					

					
							
							8

						
							
							Integrated FMEA–VIKOR method for risk prioritization

						
							
							Safety Science

						
							
							S. K. Ghosh, P. Roy

							2021

						
							
							FMEA and VIKOR

						
							
							147

						
					

					
							
							9

						
							
							Rethinking FMEA for Today’s Manufacturing Landscape

						
							
							Journal of Failure Analysis and Prevention

						
							
							Daniel Thomas

							2025

						
							
							AI, Machine Learning, IoT, and Experts' opinion, 

						
							
							139

						
					

					
							
							10

						
							
							Hybrid fuzzy DEMATEL-FMEA for healthcare risk assessment

						
							
							Health Policy and Technology

						
							
							Ghasemi, Hashemi, 2022

						
							
							FMEA, Fuzzy Logic, and DEMATEL

						
							
							132

						
					

					
							
							11

						
							
							Hybrid FMEA using entropy and PROMETHEE methods

						
							
							Journal of Intelligent Manufacturing

						
							
							R. Alizadeh, B. Kiani

							2021

						
							
							FMEA, Entropy Method, and PROMETHEE

						
							
							121

						
					

					
							
							12

						
							
							A hybrid approach to FMEA using ANP and fuzzy logic

						
							
							International Journal of Production Research

						
							
							N. Singh, A. Sharma

							2023

						
							
							Fuzzy Logic, ANP, and Integration Process

						
							
							118

						
					

					
							
							13

						
							
							Hybrid FMEA for criticality assessment in automotive industry

						
							
							International Journal of Quality and Reliability Management

						
							
							M. Bougofa et al.

							2024

						
							
							FAHP + Rough TOPSIS, AHP + PROMETHEE and Cost-Based FMEA + FAHP + EFMULTIMOORA

						
							
							110

						
					

					
							
							14

						
							
							FMEA enhanced with hybrid decision trees and neural networks

						
							
							Engineering Applications of Artificial Intelligence

						
							
							T. Oliveira, M. Costa

							2022

						
							
							Decision Trees and Artificial Neural Networks (ANNs)

						
							
							105

						
					

					
							
							15

						
							
							Hybrid FMEA for risk mitigation in supply chains

						
							
							Journal of Manufacturing Systems

						
							
							S. Patel, K. Mehta

							2021

						
							
							FMEA + AHP-PROMETHEE, FMEA + Fuzzy AHP, FMEA + MCDM, and FMEA + IoT Sensor Data

						
							
							99

						
					

					
							
							16

						
							
							Hybrid fuzzy FMEA for construction safety assessment

						
							
							Automation in Construction

						
							
							A. Rahimi, H. Khosravi 2020

						
							
							Fuzzy FMEA Core, Fuzzy DEMATEL, ANP, and Final Risk Prioritization

						
							
							94

						
					

					
							
							17

						
							
							Hybrid FMEA with interval type-2 fuzzy sets

						
							
							Information Sciences

						
							
							B. Zhang, L. Huang

							2023

						
							
							IT2F-FMEA + Fuzzy Petri Nets, IT2F-FMEA + DEMATEL-MABAC, and IT2F-FMEA + ORESTE

						
							
							88

						
					

					
							
							18

						
							
							Hybrid FMEA for risk prioritization in renewable energy systems

						
							
							Renewable and Sustainable Energy Reviews

						
							
							F. Ali, M. Khan

							2022

						
							
							FMEA + SWARA + VIKOR, FMEA + ROC + CoCoSo, and FMEA + SF-SWARA + SF-WASPAS

						
							
							85

						
					

					
							
							19

						
							
							Hybrid FMEA using Dempster–Shafer theory and fuzzy logic

						
							
							Knowledge-Based Systems

						
							
							Y. Chen, Z. Li

							2021

						
							
							DST-Fuzzy FMEA, Fuzzy-D Numbers-Based FMEA, and Fuzzy Logic + DST

						
							
							82

						
					

					
							
							20

						
							
							Hybrid FMEA for cybersecurity risk assessment

						
							
							Computers and Security

						
							
							J. Park, S. Lee

							2024

						
							
							FMEA + ROC + CoCoSo, Fuzzy AHP-FMEA, FMEA + Dempster–Shafer Theory and FMEA + CVSS Integration

						
							
							79

						
					

				
			

			The Industrial application

			The chart above (Figure 2) paints a clear picture of how different industries are embracing Failure Modes and Effects Analysis (FMEA) and its integrated techniques. It offers valuable insight into how various sectors tackle risk, reliability, and quality management.

			At the lead is the Oil and Gas/Energy sector (OG and E), accounting for 20% of FMEA activity. This robust indication echoes the industry’s deep-rooted commitment to organised risk assessment, which is vital for guaranteeing safety, reliability, and compliance with demanding standards. Methodological and Cross-Industry Contributions (MET and CRO-IN) follow at a close range of 17%, displaying a growing adaptability to hybrid FMEA approaches that span multiple sectors. These indications show a proactive attitude toward managing risk and enhancing reliability.

			Table 5: Top 20 influential journals Publishers on Hybrid FMEA Techniques (2020–2025).

			
				
					
					
					
					
				
				
					
							
							Rank

						
							
							 Journal Name

						
							
							Publisher

						
							
							 Focus Area

						
					

					
							
							1

						
							
							Reliability Engineering and System Safety

						
							
							Elsevier

						
							
							Reliability, safety, risk modeling

						
					

					
							
							2

						
							
							Expert Systems with Applications

						
							
							Elsevier

						
							
							AI, decision support, hybrid systems

						
					

					
							
							3

						
							
							IEEE Transactions on Engineering Management

						
							
							IEEE

						
							
							Engineering decision-making, risk analysis

						
					

					
							
							4

						
							
							Journal of Intelligent Manufacturing

						
							
							Springer

						
							
							Smart manufacturing, hybrid modeling

						
					

					
							
							5

						
							
							Applied Soft Computing

						
							
							Elsevier

						
							
							Fuzzy logic, hybrid optimization

						
					

					
							
							6

						
							
							Computers and Industrial Engineering

						
							
							Elsevier

						
							
							Industrial systems, hybrid MCDM

						
					

					
							
							7

						
							
							International Journal of Production Research

						
							
							Taylor and Francis

						
							
							Production systems, risk prioritization

						
					

					
							
							8

						
							
							Journal of Failure Analysis and Prevention

						
							
							Springer

						
							
							Failure analysis, hybrid FMEA applications

						
					

					
							
							9

						
							
							Safety Science

						
							
							Elsevier

						
							
							Risk management, safety systems

						
					

					
							
							10

						
							
							Engineering Failure Analysis

						
							
							Elsevier

						
							
							Case studies, hybrid diagnostics

						
					

					
							
							11

						
							
							International Journal of Industrial Engineering

						
							
							Nova Science Publishers

						
							
							Systems engineering, hybrid tools

						
					

					
							
							12

						
							
							Journal of Risk and Reliability

						
							
							SAGE

						
							
							Reliability modeling, hybrid FMEA

						
					

					
							
							13

						
							
							International Journal of Quality and Reliability Management

						
							
							Emerald

						
							
							Quality control, hybrid risk assessment

						
					

					
							
							14

						
							
							Design Science

						
							
							Cambridge University Press

						
							
							AI-driven FMEA, LLM integration

						
					

					
							
							15

						
							
							Systems

						
							
							MDPI

						
							
							Hybrid MCDM-FMEA frameworks

						
					

					
							
							16

						
							
							Journal of Manufacturing Systems

						
							
							Elsevier

						
							
							Process optimization, hybrid techniques

						
					

					
							
							17

						
							
							International Journal of Advanced Manufacturing Tech

						
							
							Springer

						
							
							Advanced FMEA, hybrid modeling

						
					

					
							
							18

						
							
							Journal of Mechanical Engineering Science

						
							
							SAGE

						
							
							Mechanical systems, hybrid diagnostics

						
					

					
							
							19

						
							
							International Journal of System Assurance Engineering

						
							
							Springer

						
							
							Assurance modeling, hybrid FMEA

						
					

					
							
							20

						
							
							Journal of Industrial Information Integration

						
							
							Elsevier

						
							
							AI, IoT, hybrid failure analysis
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			Figure 2: Hybrid FMEA industrial application frequency chart.

			Discussion

			Manufacturing (MAN and IND), this comes in at 16%, underlining the sector continued focus on systematic risk management. Next is Construction and Infrastructure (CON and INF), seen a notable uptick, accounting for 13%, with Transportation/Automobile contributions coming on 10%. The usage of technology and AI applications is 8% of FMEA adoption, which indicates the growing importance of these tools in risk prediction modeling. Healthcare and Pharmaceuticals (HEA and PHA) and Environmental and Renewable Energy (ENV and REN) are making significant steps to introduce FMEA into their business, at 6% each. Closing the chart is the Food Industry, displayed by Consumer and E-Commerce (C’MER and E-CO), which completes the chart with 4%, representing the increasing consciousness of risk regulation in the consumer-related industries.

			The data presented above reveal a strong correlation between an industry’s risk exposure and its reliance on hybrid FMEA methodologies. These advanced techniques are most deeply adopted in sectors characterized by complex systems, stringent regulatory oversight, or critical safety concerns. As operational challenges continue to evolve, the role of FMEA is poised for further expansion. This growth will likely be driven by its integration with complementary tools that enhance its adaptability and efficiency, thereby enabling industries to proactively manage unpredictability.

			The growth trends of Hybrid FMEA

			The growth trend of hybrid FMEA application across the industry between 2020 and 2025 has indicated a positive drift, evolving from a static risk assessment tool into a dynamic, intelligent framework. This alteration or changes was driven by the integration of advanced technologies, particularly artificial intelligence, fuzzy logic, and decision science, enabling organizations to manage risks with greater precision and adaptability proactively. The key drifts and innovations include:

			
					The use of Fuzzy Logic and Sets: Substituting rigid RPN scoring with nuanced uncertainty handling using tools like fuzzy TOPSIS, FAHP, and entropy models, as it is widely applied in oil and gas, manufacturing, and urban planning.

					Application of Multicriteria Decision-Making (MCDM): Techniques like AHP, VIKOR, and SWARA contributed immensely to improving failure mode ranking across sectors like renewable energy and healthcare.

					The Advanced Ranking Models: COPRAS and PROMETHEE II allowed complex trade-off analysis in IoT and environmental risk settings.

					The use of Neuro-Fuzzy Systems: This is an AI-enhanced fuzzy model (e.g., ANFIS) that boosted predictive diagnostics in automotive and agriculture.

					Bayesian Networks: Captured dynamic risk evolution and interdependencies in hydrogen storage and pipeline systems.

					Fault Tree Analysis (FTA): Combined with fuzzy and probabilistic models for reliability forecasting in petrochemicals and safety-critical systems.

					FMEA Evolution: Shifted to AI-supported, hybrid-weighted systems tailored for aerospace, smart manufacturing, and blockchain.

					AI and Machine Learning: Enabled real-time analytics and predictive maintenance in supply chains and workplace safety.

					Sector-Specific Customization: Tailored models addressed niche risks in organ transplants, autonomous shipping, and PPE compliance.

			

			Organizations moved from reactive risk management to proactive, predictive systems. Hybrid FMEA became an approach shift, leveraging real-time data and intelligent tools to anticipate and mitigate risks before they materialize. This approach fostered resilience, relevance, and precision across diverse industries.

			Citations and journals (Figure 3), where influence meets visibility: There’s a clear pattern: Papers published in high-impact journals tend to attract more citations. For example, Soft Computing and Expert Systems with Applications top the list, hosting the two most-cited studies with 210 and 198 citations, respectively. Their broad readership and technical rigor make them ideal platforms for influential research. Other well-established journals like Reliability Engineering and System Safety (174 citations) and Applied Soft Computing (165 citations) also show strong performance, reinforcing the idea that visibility and credibility go hand in hand.
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			Figure 3: Citations vs Journals

			Interestingly, newer or more niche journals are making waves too. Algorithms and the Journal of Failure Analysis and Prevention, despite being less mainstream, have garnered 185 and 139 citations. That’s a strong signal that hybrid FMEA models are gaining traction across diverse academic communities.

			Meanwhile, domain-specific journals such as Health Policy and Technology and Renewable and Sustainable Energy Reviews show moderate citation counts (132 and 85), suggesting that while their reach may be narrower, their relevance within specialized fields remains high.

			(d) Citations and Authors (Figure 4) Knowledge combines with Novelty: In the scholarly scenery of hybrid FMEA, foundational knowledge and novel contributions remain paramount. M. Yazdani and S. Zarandi received the highest number of citations (210), underscoring the significant influence of their work in integrating Multi-Criteria Decision-Making (MCDM) with FMEA. Following closely, H. Tavakkoli-Moghaddam and his collaborators secured the second position with 198 citations, a testament to their contributions in merging fuzzy logic with decision-making tools.
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			Figure 4: Citations vs authors.

			Notably, the field is also witnessing the rapid emergence of influential new voices. A 2024 paper by Vitor Anes and Antonio Abreu has already accrued 185 citations, signaling a substantial and immediate impact, likely due to the innovative methodology they introduced.

			In the same view, Liu and Zhang (174 citations) and Ammar Chakhrit and colleagues (162 citations) demonstrate the effectiveness of the methodology and their relevant issues, giving it an academic traction in a remarkably short period of time. Even the recent work by Daniel Thomas (2025) and Park and Lee (2024) is already gaining attention. Their consideration of AI, IoT, and cybersecurity shows that they are striving toward a more active, sophisticated, and technologically-driven risk assessment models. 

			Finally, the current journals, together with experienced researchers, will continue to lead in the number of citations; however, the situation is growing. New methods and new areas like artificial intelligence, intelligent manufacturing, and renewable energy are changing the way FMEA is practiced and learned. The reference styles are a history of scholarly sophistication and technological relevance. Hybrid FMEA is no longer a meager tool of reliability, but it is emerging into a multi-disciplinary framework that is as flexible as the industries in which it is applied.

			(e) Top Journals and Publishers in Hybrid FMEA Research (2020–2025): Academic studies and investigations in the field of hybrid Failure Mode and Effects Analysis (FMEA) have witnessed a surprising grip over the last five years and have found a home in a varied list of reputable journals as possible.

			Elsevier is the leading publisher in this field, with 9 of the top 20 relevant journals. Key titles such as Reliability Engineering and System Safety, Expert Systems with Applications, and Applied Soft Computing have been instrumental in advancing traditional FMEA by disseminating research on AI-based models, fuzzy logic, and sophisticated decision-support systems.

			Other major publishers, including IEEE, Springer, SAGE, and Taylor and Francis, have also contributed substantially. Their journals have explored the application of hybrid FMEA across diverse areas like engineering management, smart manufacturing, failure diagnostics, and quality assurance. This prolific publishing activity reflects a broader paradigm shift towards intelligent, data-driven risk assessment, where conventional reliability models are being enhanced or replaced by modern computational techniques.

			Collectively, these publishers and their journals have been pivotal in cultivating an interdisciplinary domain of innovation. They have not only expanded the scope of FMEA but have also established a foundational knowledge base for future advancements in how industrial risk is perceived and managed.

			Conclusion

			In conclusion, the limitations of traditional FMEA, particularly in managing uncertainty, have prompted a significant shift toward integrated hybrid models. Analyzing literature from 2020 to 2025 reveals a clear paradigm shift in risk assessment, driven by the adoption of frameworks that combine Fuzzy Logic, Machine Learning, and Multi-criteria Decision-Making (MCDM), etc, to overcome the shortcomings of the Risk Priority Number (RPN). This trend points toward the development of more context-sensitive, flexible, and data-driven tools.

			This review has categorized these advancements, noting the rise of precise methodologies like fuzzy FMEA, machine learning, and digital twins. The implementation of these sophisticated, combined approaches signifies a transformative improvement in risk management. The future of FMEA lies in these more competent, resilient, and adaptive systems, capable of navigating the increasing complexity of modern engineering and technology.
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Hybrid Approach to Overcoming Failure Mode and Effect Analysis

Deficiencies in Complex Systems: Comprehensive Review
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Abstract | The deployment of Failure Mode and Effects Analysis (FMEA) in industry has continued to be
one of the most commonly adopted practices in the evaluation of failure modes and the resolution of risk
within industrial settings. The Risk Priority Number (RPN) model used in this technique helps in objective
ranking and improvement of the critical risks that require immediate and proper risk prioritization. Technical
professionals and researchers have come up with hybrid models designed to advance the accuracy and appli-
cability of these decision-making techniques. The literature review reviews peer-reviewed articles published
from 2020 to 2025, considered relevant to the development and projection of FMEA and its mix approaches.
The work reviews different new approaches targeted at addressing the shortfalls of traditional FMEA, also
evaluating their use in industrial settings. The review was able to deliver answers to four important research
questions: (i) Which industry is the most successful in using FMEA and its variants of hybrids? (ii) What
is the growth rate in the development of these integrated approaches? (iii) Who are the most cited authors/
journals in the application of the method, and (iv) What are the journals/publishers that have been most
instrumental in spreading the research as concerns hybrid FMEA techniques throughout the time frame of
the review? This evaluation offers insight into the current research and contributions of the innovations. The
scholarly work also empties the current landscape of FMEA, identifying the promising direction of future
research and application in the field.
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Introduction failure. First established in the 1940s and adopted
later in the 1960s by NASA, the Failure Mode and
Failure Mode and Effects Analysis (FMEA) Effects Analysis has become a household name and
is one of the widely accepted risk assessment an acceptable industrial tool for safety and reliability
techniques across industry for proactive identification ~enhancement, Alber (2016).
of potential causes of system, components, or process
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