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Abstract
This study identifies the criteria for Maintenance 4.0 in the aviation

industry through a seven-stage meta-synthesis and qualitative content
analysis of 94 Scopus-indexed studies published between 2020 and
2027. The coding process produced 455 open codes, 24 axial codes, and
six selective categories: intelligent computational and analytical core;
cyber-physical digital infrastructure; proactive maintenance and health-
management strategy; intelligent maintenance operations, logistics, and
automation; human—AlI collaboration and workforce empowerment;
and safety, trust, and regulatory governance. The findings offer an
integrated roadmap for moving from traditional maintenance to
Maintenance 4.0, with particular relevance to Iran’s aging fleet,
sanctions-related constraints, and the need to improve reliability, safety,
and productivity.

Introduction
Aviation is a strategic driver of global economic development and

technological progress (Korchagin et al., 2022). In Iran, aviation is
recognized as a key infrastructure sector, yet the active fleet is severely
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aging: the average fleet age is estimated at 28 years, and fewer than 200
of about 330 registered passenger aircraft are operational (ISNA, 1402;
Mehr, 1404). The accident rate has been reported as 13.42 compared
with a global average of 3.02 (Civil Aviation Organization, 1399).
Sanctions have restricted access to new aircraft, original equipment
manufacturer (OEM) parts, and updated technical knowledge (Civil
Aviation Organization, 1404a). Consequently, maintenance, repair, and
overhaul (MRO) has shifted from a support function to a strategic
competitive and survival factor (Lotfi Jalal Abadi & Hosseini, 2022).
The study asks: What is the state of research on Maintenance 4.0 in
aviation, and what are its criteria?

Literature Review
Maintenance has evolved from corrective and preventive strategies to

condition-based maintenance (CBM) and reliability-centered
maintenance (RCM) (Fayazi & Tohidi, 1403; Aghaei et al., 1394).
Industry 4.0 introduced cyber-physical systems, IoT, big data, cloud
computing, Al, and machine learning, enabling predictive and
prescriptive maintenance (Zonta et al., 2020; Bousdekis et al., 2020). In
aviation, Maintenance 4.0 integrates digital technologies with MRO
processes, including augmented reality, additive manufacturing, digital
twins, and Al-driven prognostics (Ceruti et al., 2019; Moenck et al.,
2024; Dagal, 2026). Related studies have examined lean Maintenance
4.0 (Korchagin et al., 2022), disruption resilience (Tsakalerou et al.,
2022), federated learning for data sharing (Kabashkin & Susanin,
2024), and text mining for hazard identification (Hou et al., 2026).
Iranian studies have focused on classical maintenance strategies,
success factors, and quantitative models (A'laii et al., 1398; Sharafat et
al., 1397; Mehri & Maleki, 1404; Moradi et al., 1404). The gap is the
lack of an integrated, aviation-specific framework for Maintenance 4.0.

Methodology
A seven-stage meta-synthesis was applied (Sandelowski & Barroso, as

cited in Mirchi et al., 2024), combined with qualitative content analysis
(Mende, 2022; Rostami & Karlsson, 2024). Scopus was searched using
two keyword sets. The initial search returned 2,238 records; title,
abstract, and keyword screening reduced this to 117; after applying SJR
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Q1/Q2 journal criteria, English-language, research/review article, and
relevance filters, 94 studies remained. Data were coded in Excel
through open, axial, and selective coding, yielding 455 open codes, 24
axial codes, and six selective categories. Validity was supported
through recursive analysis, theoretical pluralism, expert review, and
transparent search documentation (Khoeini et al., 2024).

Results

The six selective criteria were: (1) intelligent computational and
analytical core (75 references; 8 axial codes), including AI/ML/DL,
reinforcement learning, generative Al, optimization, big-data analytics,
and semantic knowledge technologies; (2) cyber-physical digital
infrastructure (50 references; 4 axial codes), including sensors,
condition monitoring, [oT, cloud/edge computing, and digital twins; (3)
proactive maintenance and health-management strategy (61 references;
5 axial codes), including predictive maintenance, CBM/PHM, RUL
estimation, and reliability/risk modeling; (4) intelligent maintenance
operations, logistics, and automation (23 references; 3 axial codes),
including dynamic scheduling, fleet routing, spare-parts logistics, and
self-optimizing automation; (5) human—AlI collaboration and workforce
empowerment (29 references; 3 axial codes), including decision-
support systems, AR/VR/metaverse training, and digital competencies;
and (6) safety, trust, and regulatory governance (6 references; 1 axial
code), including airworthiness assurance, risk management, regulatory
compliance, transparency, and auditability.

Discussion
The findings show that Maintenance 4.0 is not merely digitalization or

the isolated use of Al; it is a multilayered architecture linking data,
analytics, infrastructure, operations, people, and governance. The
intelligent computational core acts as the “algorithmic brain,”
converting raw data into prediction, optimization, and decision advice
(Zonta et al., 2020; Bousdekis et al.,, 2020). Cyber-physical
infrastructure enables real-time data collection and digital
representation of physical assets (Ceruti et al., 2019; Moenck et al.,
2024). Proactive maintenance and health management connect
analytics to maintenance decisions through CBM, prognostics, and
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RUL estimation (Korchagin et al., 2022). Operations and logistics
transform analytical outputs into scheduling, resource allocation, and
spare-parts flows. Human—AlI collaboration repositions technicians as
cognitive partners rather than passive operators. Safety, trust, and
regulatory governance are not external constraints but an internal layer
of the architecture, especially in aviation. This integrated view extends
prior technology-focused studies by treating Maintenance 4.0 as a
system-level transformation.

Conclusion
Maintenance 4.0 in aviation is a multidimensional and interconnected

phenomenon. Successful transition requires simultaneous development
of analytical capabilities, cyber-physical infrastructure, predictive and
health-management strategies, intelligent operations and logistics,
workforce digital competencies, and regulatory governance. The
proposed framework provides a basis for assessing maturity and
planning digital transformation in aviation MRO. Limitations include
reliance on published literature and the need for caution in generalizing
to Iran’s specific institutional, economic, and technological conditions.
Future research should validate the framework through Delphi studies,
surveys, case studies, and structural equation modeling in aviation
organizations.

Keywords: Aviation industry; Maintenance 4.0; Industry 4.0; Meta-
synthesis; Qualitative content analysis.
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7 Aircraft on Ground (AOG)
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4 Fuzzy Analytic Hierarchy Process (FAHP)
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