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Abstract—Industrial maintenance increasingly relies on ex-
tended reality (XR) technologies, yet comprehensive analysis
comparing AR, VR, and MR implementations with human-
centric evaluation remains limited. This systematic literature
review employs the PRISMA methodology to analyze 95 primary
studies (2014–2025) that investigate implementation patterns,
benefits, challenges, and evaluation criteria across XR modalities.
AR dominates operational guidance (71.6%), VR prevails in
training (38.9%), and MR enables collaborative maintenance
(6.3%). Temporal analysis reveals three evolutionary phases:
basic visualization (2014–2017), cognitive enhancement (2018–
2021), and AI-integrated adaptive systems (2022–2025), mirroring
the transition from Maintenance 4.0 to 5.0. Demonstrated benefits
include 38% task completion time reductions and 92.4% error
decreases. Human-centric factors appear in 44.2% of studies
overall, with temporal analysis showing a progressive increase
from approximately 25% in 2014–2017 to 58% in 2022–2025,
substantiating a paradigm shift toward prioritizing cognitive
support and user experience. Two novel frameworks advance
theoretical understanding: an Evaluation Framework that ex-
presses effectiveness as a function of technology, task complexity,
and human factors; and a Technology-Task-Context Alignment
Model that prescribes optimal XR-maintenance pairings. Critical
gaps include the need for longitudinal field studies, standardized
evaluation protocols, and economic analyses.
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I. INTRODUCTION

Manufacturing industries worldwide face mounting pres-
sure to optimize operational efficiency while managing in-
creasingly complex equipment and production systems [88].
Industrial maintenance, encompassing inspection, repair, di-
agnosis, and preventive activities, is essential for maintain-
ing uninterrupted production, reliable equipment performance,
and safe working conditions [89]. The advent of Industry
4.0, marked by the convergence of digital-physical systems,
IoT technologies, AI, and sophisticated data analytics, has
fundamentally transformed maintenance paradigms [90]. De-
spite these technological advances, human operators remain
essential in overseeing, supervising, and servicing automated
infrastructure, tackling issues beyond the scope of automa-
tion capabilities [91]. This industrial evolution seeks to aug-
ment human operator performance and minimize human error
through intelligent, human-centered systems [92].

Extended Reality (XR)—which includes Virtual Reality
(VR), Augmented Reality (AR), and Mixed Reality (MR)—has
become a powerful enabler for industrial maintenance [86].
These immersive technologies offer distinct capabilities: AR

overlays digital information onto physical environments, en-
abling real-time guidance during maintenance operations; VR
creates fully immersive virtual environments for risk-free
training and simulation; MR blends digital and physical el-
ements to facilitate collaborative problem-solving [93]. The
convergence of XR with advanced industrial technologies,
including IoT sensors, digital twins, and AI-driven analytics,
creates unprecedented opportunities to improve maintenance
efficiency, training effectiveness, and knowledge transfer [94].
The demonstrated benefits include substantial reductions in
task completion time, significant decreases in failure rates, en-
hanced mental support for complex procedures, and improved
knowledge retention during training [95].

Despite substantial research attention, critical gaps per-
sist in our understanding of XR application in industrial
maintenance. Existing reviews have primarily focused on
individual XR modalities, without adopting comprehensive
approaches that compare AR, VR, and MR. In addition,
limited attention has been paid to human-centric design prin-
ciples and systematic evaluation methodologies, which are
increasingly recognized as critical to successful implemen-
tation. The rapid technological evolution—particularly post-
2020 advances in hardware capabilities, AI integration, and
software platforms—necessitates updated analysis reflecting
current state-of-the-art systems. Finally, the emerging Main-
tenance 5.0 framework, which emphasizes human-AI collabo-
ration and sustainable practices, requires examination of how
XR technologies facilitate this paradigm shift.

Several systematic reviews have previously examined as-
pects of this domain. Palmarini et al. [83] conducted an early
review focused exclusively on AR in maintenance, identifying
fragmented solutions and hardware limitations. Guo et al.
[84] reviewed VR applications across product lifecycles. More
recently, Wang et al. [82] examined XR in product assembly,
and Alam et al. [86] analyzed XR challenges in Industry
4.0 contexts. However, none of these reviews comprehen-
sively compare all three XR modalities (AR, VR, and MR)
while simultaneously addressing human-centric design factors,
evaluation methodologies, and the emerging Maintenance 5.0
framework. This gap motivates the present study.

This systematic review fills these research voids through
an in-depth examination of XR technologies in industrial
maintenance through examination of 95 primary studies pub-
lished between 2014 and 2025. The review adopts a holistic
approach that encompasses AR, VR, and MR technologies,
while emphasizing human-centric design factors aligned with
the Maintenance 5.0 principles. This work offers multiple
novel contributions that advance the current literature. First, it
provides updated empirical evidence of XR adoption patterns,
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technological trends, and implementation outcomes reflecting
recent advances. Second, it systematically analyzes evaluation
methodologies employed across studies, identifying relation-
ships between technology characteristics, task complexity, and
appropriate assessment criteria. Third, it examines human-
centric enhancement strategies, documenting how XR tech-
nologies address cognitive load, ergonomics, adaptability, and
user experience. Fourth, it develops theoretical frameworks
that advance understanding of XR effectiveness in maintenance
contexts.

To achieve a comprehensive analysis, this review addresses
five research questions: XR implementation patterns, benefits
and potential, challenges and prospects, human-centric en-
hancements, and evaluation criteria for assessing these tech-
nologies in industrial maintenance contexts. These questions
guide a systematic examination of the current state, demon-
strated outcomes, implementation barriers, and future direc-
tions for XR in maintenance applications.

The subsequent sections of this study are organized in
the following manner. Section II outlines the systematic re-
view methodology based on PRISMA guidelines. Section III
presents results organized by technology prevalence, applica-
tion areas, advantages, limitations, human-centric factors, and
evaluation criteria. Section IV discusses the findings in the
context of theoretical frameworks, contrasts the outcomes with
prior studies, and describes the practical applications and study
limitations. Section V presents concluding remarks, principal
findings, and prospective research avenues.

II. METHODOLOGY

A. Research Questions

The aim of this systematic literature review (SLR) is to pro-
vide a comprehensive overview of the application of Extended
Reality (XR) technologies in industrial maintenance, including
the primary tasks, key advantages, limitations, and challenges.
Additionally, this study seeks to identify the evaluation criteria
used to assess XR technologies in industrial maintenance and
explore how XR can promote human-centricity, a key concept
in the Maintenance 5.0 framework. Furthermore, this SLR
aims to provide researchers with insights into future work and
research directions. To achieve these objectives, the following
research questions (RQs) have been formulated:

• RQ1: What is the current state of XR technologies in
industrial maintenance?

• RQ2: What are the benefits and potential of XR
technologies in industrial maintenance?

• RQ3: What challenges and prospects exist for XR
technologies in industrial maintenance?

• RQ4: How can XR technologies enhance human-centric
industrial maintenance?

• RQ5: What are the evaluation criteria used in the literature
to assess XR technologies in industrial maintenance?

B. Research String and Databases Selection

To answer the research questions, a comprehensive search
string was formulated to capture relevant studies on the ap-
plication of XR technologies in industrial maintenance. The
search string used was: "industrial maintenance" AND ("vir-
tual reality" OR "augmented reality" OR "mixed reality" OR
"extended reality"). This search string covers the main concepts
of the research topic, including industrial maintenance and the
various types of XR technologies (virtual reality, augmented
reality, mixed reality). The literature search was conducted
using three major scientific databases: Scopus, ScienceDirect,
and Web of Science. These databases were selected for their
relevance and extensive coverage of peer-reviewed literature
in the fields of engineering, technology, computer science and
energy.

To guarantee that the review captured current and pertinent
research on the topic, the scope was restricted to publications
from January 1, 2014, and May 19, 2025. Additionally, only
studies published in English were considered to maintain
consistency and accessibility for the researchers. These date
range and language filters were applied directly in the database
search phase, before proceeding to the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
protocol.

The initial search yielded a total of 321 articles, distributed
as follows:

• ScienceDirect: 168 articles.

• Scopus: 86 articles.

• Web of Science: 67 articles.

C. Selection of Primary Study

The initial search yielded 321 articles from the selected
databases. These articles were then subjected to the PRISMA
protocol (Fig. 1) to identify the most relevant studies for the
systematic literature review.

First, duplicate articles were removed, resulting in 255
unique articles. These articles were then screened using their
titles, abstracts, and keywords to assess their relevance to
the research questions. Articles that were out of scope like
"6G networks: Beyond Shannon towards semantic and goal-
oriented communications" and "Deep Learning-Powered Sys-
tem for Real-Time Digital Meter Reading on Edge Devices,"
were excluded. However, articles addressing extended reality
in industrial maintenance, including assembly and disassembly
tasks, were retained, as these tasks are considered integral
to industrial maintenance. This screening process resulted in
the exclusion of 124 articles, leaving 131 articles for further
review.

The remaining 131 articles are reviewed in full text and
subjected to detailed analysis to assess their eligibility for
inclusion in our study. During this stage, an additional 36
articles were excluded for the following reasons:

• Upon closer examination, 10 articles were found to be
not directly relevant to the research questions.
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• 14 articles were identified as literature review articles,
which did not meet the inclusion criteria for primary
studies.

• 12 articles were not accessible for full-text review.

Finally, a total of 95 articles were selected as primary
studies to answer the research questions. These articles form
the basis for the data extraction and synthesis stages of the
systematic literature review.

D. Quality Assurance and Limitations of the Search Strategy

Several methodological considerations should be noted
regarding the PRISMA implementation. First, the search was
limited to three academic databases (Scopus, ScienceDirect,
Web of Science), and grey literature sources such as technical
reports, white papers, and industry documentation were not
included. This may introduce publication bias, as studies
reporting positive outcomes are more likely to be published in
peer-reviewed venues. Second, the study screening and selec-
tion process was conducted by the first author and verified by
the co-authors through discussion-based consensus rather than
formal inter-rater reliability assessment. While this approach is
common in systematic reviews within engineering disciplines,
it represents a methodological limitation. Third, no formal risk-
of-bias assessment tool (e.g., ROBINS-I or the Newcastle-
Ottawa Scale) was applied to individual primary studies, as
the heterogeneity of study designs—ranging from controlled
experiments to case studies and framework proposals—made
standardized quality scoring impractical. These limitations are
acknowledged and should be considered when interpreting the
synthesized findings.

E. Co-Authorship Analysis

Co-authorship analysis was performed using VOSviewer
on the 95 primary study papers selected for the systematic
literature review on extended reality (XR) in industrial main-
tenance. The analysis aimed to identify influential authors and
collaborative networks within this specific subset of literature.

From the total pool of authors in the 95 papers, a minimum
threshold of two documents per author was set. Out of the
authors who met this threshold, the top 50 were selected for
visualization. The resulting co-authorship network (see Fig. 2)
reveals several distinct clusters of collaborating authors. The
most prominent cluster includes Hakulinen, J., Burova, A.,
Ronkainen, K., Keskinen, T., and Mäkelä, J., forming a densely
connected red network at the center of the visualization.
Other notable clusters involve the blue grouping of Fiorentino,
Michele and Gattullo, Michele in the upper right, and the
green cluster with Bai, Xiaoliang, Liu, Wei, and He, Weiping
in the upper center. Additional collaborations are visible with
Al-harkan, I.M. and Alhag, M.H. (yellow nodes), as well as
isolated researchers like Romero, I. and Yu, H. distributed
around the periphery.

The size of each author’s node represents their relative
influence and contribution to the primary studies, based on
the number of co-authored publications within this subset
of literature. The links between authors signify collaborative
relationships. The proximity of authors within the visualization

suggests thematic or institutional similarities in their research
within the scope of this review.

F. Keywords Co-occurrence Analysis

A co-occurrence analysis of keywords from the 95 primary
studies was conducted using VOSviewer to identify the main
themes in XR research for industrial maintenance. With a min-
imum threshold of three occurrences, 25 out of 564 keywords
were selected for visualization.

The co-occurrence network (see Fig. 3) reveals clusters
centered around "augmented reality," "industrial maintenance,"
and related concepts such as "maintenance operations," "hu-
man computer interaction," and "industry 4.0." The strong
connection between "augmented reality" and "industrial main-
tenance" highlights the significance of AR in this domain.
By using VOSviewer, the keyword "augmented reality" is
the most frequent keyword (56 occurrences), followed by "
maintenance" (34), " industrial maintenance" (33), and "virtual
reality" (29). These results underscore the pivotal importance
of AR and VR technologies in industrial maintenance research.

The analysis provides an overview of key themes and their
interconnections, underlining the importance of human factors,
performance optimization, and the integration of XR with
Industry 4.0. This offers critical perspectives for understanding
prevailing research patterns and identifying promising areas for
investigation in XR for industrial maintenance.

III. EXTENDED REALITY IN INDUSTRIAL MAINTENANCE:
RESEARCH RESULTS

A. Literature Analysis

1) Publications per year: Fig. 4 shows the number of
selected primary papers on XR in industrial maintenance from
2014 to 2025. There is an overall upward trend, indicating
growing research interest. The count of publications increased
from 1 paper in 2014 to a peak of 13 papers in 2018. This
was followed by a slight decline to 10 papers in both 2019
and 2020. The year 2021 saw a resurgence with 12 papers,
followed by a decrease to 8 papers in 2022. Research output
rebounded to 10 papers in 2023 and peaked again at 13 papers
in 2024, matching the previous high from 2018. The data for
2025 shows only two papers, as the data collection period
ended early in the year. The trend suggests sustained interest
in XR research for industrial maintenance over the past decade,
with consistently significant output from 2018 onwards despite
some year-to-year fluctuations.

2) Publications per database: Fig. 5 illustrates the distri-
bution of the selected primary papers across three databases:
Scopus, ScienceDirect, and Web of Science. ScienceDirect
contributes the largest portion of the papers at 51.6% (49
papers) of the total collection. Scopus accounts for a similar
but slightly smaller proportion at 46.3% of the papers (44
papers). Web of Science appears to be minimally represented,
accounting for only 2.1% of the total (2 papers). However,
this underrepresentation can be attributed to the duplication
removal process conducted using Zotero. A considerable num-
ber of papers from Web of Science were merged with their
duplicates from Scopus and ScienceDirect. The decision to
prioritize the Scopus and ScienceDirect versions of duplicated
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Fig. 1. The selection and filtering of primary studies (PRISMA flow diagram).

papers was based on the fact that these databases provide
more extensive metadata, which facilitates and accelerates the
analysis process. Consequently, the low percentage of papers
from Web of Science does not necessarily reflect the database’s
actual contribution to the research on XR in industrial main-
tenance.

3) Publications per reference type: Fig. 6 illustrates the
distribution of primary papers by reference type, categorized
into journal articles, conference papers, and book chapters.
Journal articles constitute the clear majority at 73.7% of
the total, reflecting a strong preference for publishing XR
research in peer-reviewed journals, which are generally seen
as having a more rigorous review process and greater impact.
Conference papers account for 25.3% of the publications,
providing a platform for the rapid dissemination of knowledge
and scholarly interaction. Book sections make up a minor
portion at just 1.1% of the total. This distribution highlights
the diverse avenues through which XR research in industrial
maintenance is disseminated within the scientific community,

while underscoring the predominance of journal publications
in this field.

4) Publications per publication venues: Fig. 7 shows the
distribution of papers across the top 10 publication venues.
The most prominent sources include:

• Applied Sciences (Switzerland) journal (6 papers)

• Computers in Industry journal (6 papers)

• Advanced Engineering Informatics journal (4 papers)

• Lecture Notes in Computer Science Series (4 papers)

• Robotics and Computer-Integrated Manufacturing journal
(4 papers)

• 16th IFAC Symposium on Information Control Problems
in Manufacturing (3 papers)
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Fig. 2. Bibliometric map of co-authorship from VOSviewer using author names.

• 27th International Conference on Production Research (3
papers)

• 56th CIRP International Conference on Manufacturing
Systems (2 papers)

• ACM International Conference Proceeding Series (2
papers)

• Applied Ergonomics journal (2 papers)

The distribution reveals that both specialized industrial and
manufacturing journals, as well as computer science publica-
tions, serve as essential platforms for XR in industrial main-
tenance research. The relatively even distribution across these
top venues indicates a multidisciplinary research landscape,
with papers appearing in publications covering diverse areas,
including applied sciences, computer science, engineering in-
formatics, robotics, manufacturing, and ergonomics.

B. Extended Reality in Industrial Maintenance

1) Current state of extended reality in industrial mainte-
nance: The analysis of 95 studies reveals a diverse and rapidly
evolving landscape of extended reality (XR) technologies
in industrial maintenance. This subsection outlines the key
findings regarding the current state of these technologies.

a) Prevalence and distribution of XR technologies: The
analysis of XR technology adoption across the 95 primary
studies reveals clear patterns in the prevalence and distribution
of different reality technologies in industrial maintenance
applications. Fig. 8 presents the overall distribution of XR
technologies identified in the literature.

Augmented Reality (AR) emerges as the dominant technol-
ogy, appearing in 68 studies (71.6% of the total), making it the
most widely adopted XR technology for industrial maintenance
applications. Studies [2], [3] showcase AR’s effectiveness in
providing visual instructions for maintenance tasks, while stud-
ies [4], [5] highlight its use in enhancing worker performance
and reducing errors. Virtual Reality (VR) is the second-most
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Fig. 3. Bibliometric map of author keywords from VOSviewer.
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Fig. 4. Number of primary papers per year.
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Fig. 6. Number of primary papers per reference type.

prevalent technology, used in 37 studies (38.9%). Studies [10],
[12], [13] illustrate VR’s capacity to create immersive, risk-free
environments for maintenance personnel to practice complex
procedures. Mixed Reality (MR) appears in only 6 studies
(6.3%). Studies [68], [70], [71] demonstrate MR’s potential to
bridge the gap between on-site technicians and remote experts,
facilitating real-time guidance and problem-solving.

A small number of papers (3, representing 3.1%) explicitly
use the term “Extended Reality” (XR) in their work, typically
in studies that present conceptual frameworks or methodolo-
gies applicable across multiple reality technologies. 1 paper in
our dataset mentioned augmented virtuality as technology.

It is worth noting that 14 studies (14.7%) employed mul-
tiple XR technologies within the same research, with the
most common combination being AR+VR (7 studies). Notably,
three studies [10], [34], [70] incorporated all three main
technologies (AR+VR+MR) in their work, with study [34]
integrate them along with explicit XR framework development.
This trend toward multi-technology approaches highlights the
complementary nature of different XR modalities and suggests
a growing interest in comprehensive XR ecosystems for main-
tenance applications.

C. Temporal Trends in XR Technology Adoption

The chronological analysis of XR technology adoption
reveals significant trends in the field’s evolution (Fig. 9).

The three evolutionary phases were delineated based on a
combination of qualitative thematic shifts and observable in-
flection points in the data. The boundary between Phase 1
and Phase 2 (2017–2018) corresponds to the sharp increase in
publication volume (from 6 to 13 papers) and the emergence
of cognitive enhancement as a research focus, coinciding with
the commercial availability of Microsoft HoloLens and its
rapid adoption in industrial AR studies. The boundary between
Phase 2 and Phase 3 (2021–2022) aligns with the appearance
of AI-integrated systems and automatic content generation
approaches in the literature, reflecting the broader convergence
of XR with machine learning and IoT technologies. These
boundaries are therefore informed by convergent technological,
thematic, and bibliometric indicators rather than purely statis-
tical criteria. Early research (2014-2017) showed a strong pref-
erence for AR, which dominated the initial studies in industrial
maintenance. Study [22] represents the first comprehensive AR
implementation for maintenance tasks in our dataset, focusing
on providing visual guidance on a screen-based video see-
through AR system for motorcycle engine maintenance.

From 2017 onward, there was a noticeable increase in
VR adoption, with powerful representation in 2018, 2021, and
2024. The years 2021-2022 mark a potential inflection point,
where VR studies temporarily equaled or exceeded AR studies
in quantity. Study [10] exemplifies this trend, presenting a VR-
based methodology for assessing cognitive conditions during
assembly training.

Mixed Reality, representing the most recent technological
evolution in the reality continuum, first appeared in our dataset
in 2020 [8] and has shown consistent but limited adoption
through 2024. This slower uptake may reflect the nascent state
of MR technology and its development ecosystem compared
to more established AR and VR platforms.

The most recent years (2023-2025) have seen a renewed
interest in AR applications, a diversification of technology
approaches with more MR studies, and an increasing mention
of XR as an overarching concept. This evolution suggests
the field is moving toward a more integrated view of reality
technologies while maintaining a strong interest in application-
specific implementations.

D. Technology Distribution by Research Focus

The prevalence of specific XR technologies correlates
strongly with the primary research focus and application con-
text. AR dominates in studies focused on real-time guidance
[15], [21], [27], [41], [43], maintenance instructions [22], [25],
[26], [36], and on-site assistance [5], [7], [9]. This aligns with
AR’s fundamental capability to overlay digital information on
real-world equipment, making it particularly suited for in-situ
maintenance support.

VR is predominantly employed in studies focused on
training and simulation of maintenance procedures [10], [30],
[35], [48], [50], [63], [67], [64] and collaborative design
reviews [11], [13], [32]. The immersive nature of VR creates
controlled, risk-free environments that are ideal for skill de-
velopment and scenario-based learning before interacting with
physical equipment.

Mixed Reality applications appear most frequently in stud-
ies focusing on remote collaboration and tasks requiring so-
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phisticated spatial understanding [8], [14], [68], [70], [71]. The
combination of real-world anchoring with immersive virtual
elements makes MR particularly effective for collaborative
troubleshooting and complex spatial tasks.

The chronological and application-based distribution pat-
terns reflect both technological evolution and the maturing
understanding of which XR technology best suits specific
maintenance contexts. This suggests that industrial mainte-
nance is shifting toward a task-specific application of XR
technologies, rather than a one-size-fits-all approach.

1) Hardware trends: The analysis of hardware platforms
across the reviewed studies reveals clear preferences and
evolutionary trends in the adoption of XR devices for industrial
maintenance applications. Table I presents the distribution of
hardware platforms identified in the primary studies.

E. Head-Mounted Displays (HMDs)

Head-mounted displays represent the most frequently uti-
lized hardware category in industrial maintenance applications,
with Microsoft HoloLens being the dominant platform, men-
tioned in 18 studies. First appearing in our dataset in 2017 [21],

HoloLens quickly established itself as the preferred option
for industrial AR implementations, particularly for hands-free
maintenance guidance [33], [60], [62], [66]. The prevalence
of HoloLens can be attributed to its enterprise focus, robust
tracking capabilities, and integrated computing power, making
it suitable for industrial environments.

For VR applications, the HTC Vive headset emerged as
the primary choice in four studies [12], [48], [64], [77], with
limited mentions of other platforms, such as the Valve Index
[8] and Oculus/Meta devices [79]. Study [8] represents an
interesting case where a Valve Index headset was utilized
for remote teleoperation of a mobile manipulator robot in
cleanroom environments, highlighting the adoption of high-end
consumer VR hardware for specialized industrial applications.

The temporal analysis of HMD adoption shows a distinct
evolution in hardware preferences. Early studies (2014-2016)
primarily employed non-HMD approaches, such as projector-
based systems [22]. From 2017 onward, we have observed a
clear shift toward head-mounted solutions, characterized by
increasing sophistication in tracking and display capabilities.
Studies [2], [3], [4], [75] illustrate the recent trend toward using
HMDs to reduce task completion time, mental workload, and
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Fig. 8. Distribution of XR technologies across 95 primary studies. Percentages sum to over 100% as 14.7% of studies employed multiple technologies
simultaneously.

improve cognitive processing for complex tasks.

F. Handheld Devices

Tablets (9 studies) and smartphones (6 studies) consti-
tute the second most common hardware category, particularly
prevalent in AR implementations where hands-free operation
is not critical. Study [31] compared the effectiveness of AR on
smart glasses (Vuzix M100) with AR on tablets, finding that
smart glasses performed better in metrics such as completion
time (-13% vs. -3% compared to paper) and scored higher
in usability ratings and operator reliance. At the same time,
both AR solutions demonstrated similar benefits in reducing
errors compared to paper-based instructions. Studies [45], [69]
illustrate the use of these devices, highlighting their advantages
in terms of accessibility and user familiarity.

The temporal distribution shows consistent use of handheld
devices throughout the review period, with notable spikes in
2016, 2018, and 2024. This persistent adoption of handheld
solutions, even as HMDs became more sophisticated, sug-
gests that different form factors serve complementary roles
in industrial maintenance. Study [33] explicitly explored this
complementarity by proposing a multi-device assistive system
that leverages the strengths of both HMDs and handheld
devices across different maintenance phases.

G. Other Hardware Platforms

Several supplementary hardware technologies appear in the
reviewed studies, with haptic devices (6 studies) being the most
prominent. Early implementations [1] utilized dedicated haptic
systems like the Phantom Desktop, while more recent studies

[39], [48] integrate haptic feedback with VR environments to
enhance training realism.

Projector-based AR systems (4 studies) represent an al-
ternative approach that avoids the need for personal displays
entirely. Study [37] presents a portable camera-projector sys-
tem for telemaintenance that enables spatially-registered anno-
tations projected directly onto the work environment. This ap-
proach offers advantages in collaborative settings where mul-
tiple technicians need to view the same augmented workspace
simultaneously.

Motion tracking technologies like Leap Motion controllers
(2 studies) appear in applications requiring precise hand in-
teraction, particularly for VR-based training systems [48],
[49], [50]. These technologies enable natural gesture-based
interaction with virtual environments, enhancing the realism
of maintenance simulations.

H. Hardware Evolution and Limitations

The evolution of hardware platforms over the review period
(2014-2025) reflects broader technological trends in the devel-
opment of XR. Early studies employed more experimental or
custom hardware configurations, whereas recent research has
increasingly leveraged commercial off-the-shelf solutions with
standardized development environments.

Several studies [5], [7], [15], [55], [59], [60], [62], [72] ex-
plicitly discuss hardware limitations as significant challenges,
particularly regarding the limited field of view, ergonomic
issues with prolonged use, and environmental constraints in
industrial settings. Study [31] notes specific issues with smart
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Fig. 9. Temporal evolution of XR technologies in industrial maintenance (2014-2025), showing three distinct evolutionary phases.

glasses, including comfort problems and a restricted screen
size, which makes augmentations difficult to distinguish. This
can cause users to close one eye to see correctly and requires
constant visual focus switching, leading to visual strain.

The hardware trends suggest an industry in transition,
with increasing standardization around enterprise-focused plat-
forms, such as HoloLens for AR applications and HTC Vive
for VR applications, while maintaining a pragmatic approach
to device selection based on specific maintenance contexts and
requirements.

1) Software and development: The software platforms, de-
velopment frameworks, and implementation approaches used
across the reviewed studies reveal essential patterns in how XR
technologies are being integrated into industrial maintenance
applications. This subsection examines the prominent software
trends identified in the literature (Table II).

I. Development Platforms and Game Engines

Unity (identified in 18 studies) emerges as the dominant
development platform across all XR technology types, serving
as the foundation for applications in AR, VR, and MR. Its
prevalence can be attributed to its cross-platform capabilities,
extensive asset ecosystem, and relatively accessible learning
curve. Study [1] used Unity to develop a haptic virtual reality
platform for assembly tasks, while study [46] employed it to
create an AR application for providing adaptive instructions for
machine operation tasks. Study [12] also exemplifies the typi-
cal Unity-based development approach, utilizing the platform
to create a VR system with AR simulation and gaze tracking
for prototyping industrial maintenance solutions.

Unreal Engine appears in significantly fewer studies (only 1
explicit mention), despite its reputation for high-fidelity graph-
ics and robust performance. Study [64] uses Unreal Engine 4 to
develop a VR application for power plant maintenance training,
suggesting that this engine may be preferred for applications
requiring advanced visual fidelity.

The preference for Unity across the majority of stud-
ies indicates a maturation of the development ecosystem,

where researchers and developers increasingly leverage estab-
lished platforms rather than developing custom solutions from
scratch. This standardization facilitates more rapid prototyp-
ing and reduces technical barriers to XR implementation in
industrial contexts.

J. AR/VR Software Development Kits (SDKs)

Vuforia emerges as the most widely utilized AR SDK (6
studies). Studies [15], [21], [79] utilized Vuforia in combina-
tion with Unity to implement visual tracking and registration
for maintenance tasks. The prevalence of Vuforia aligns with
its established position in the AR development ecosystem,
extensive documentation, and relatively stable performance
across different deployment scenarios.

Other SDKs appear less frequently but highlight the diver-
sification of development approaches. OpenXR and SteamVR
in [81] represent newer standards-based approaches to VR de-
velopment, while Microsoft’s Mixed Reality Toolkit (MRTK)
appears in [75] focused on HoloLens applications. Study [81]
specifically mentions a combination of OpenXR, XRInterac-
tionToolkit, and SteamVR packages within Unity, illustrating
the trend toward utilizing multiple complementary frameworks
within a single development environment.

K. Programming Languages and Technical Approaches

Specific programming languages receive relatively few
explicit mentions in the methodology sections of the reviewed
studies. Python (3 studies) is the most frequently cited, par-
ticularly in studies involving machine learning components or
data processing pipelines [69], [74], [75]. C++ and C# are
also used as programming languages with lower frequency, 1
explicit mention each [1], [34], with C# specifically appearing
in a study focused on XR-based serious game development for
Compressed Air System (CAS) maintenance training, where it
was paired with the Unity development platform to create an
immersive learning experience that incorporated 3D models
and the XR Interaction Toolkit [34]. Study [1] presents a
more complex development approach, combining OpenHap-
tics, PhysX, and OpenGL/GLUT libraries to create a haptic
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TABLE I. OVERVIEW OF HARDWARE PLATFORMS USED IN XR-BASED INDUSTRIAL MAINTENANCE APPLICATIONS (2014–2025).

Category Dominant Platforms (Count) Primary Application Patterns

Head-Mounted Displays
(HMDs) • Microsoft HoloLens (18)

• HTC Vive (4)
• Valve Index (1)
• Oculus/Meta devices (1)

• HoloLens: Dominant standard for hands-free AR
maintenance guidance.

• HTC/Oculus: Primarily used for immersive VR training
simulations.

• Valve: Specific usage for remote teleoperation in
cleanrooms.

Handheld Devices • Tablets (9)
• Smartphones (6)

• Tablets/Smartphones: AR implementations where
hands-free operation is not critical like inspection tasks
requiring larger visual interfaces.

Supplementary Technologies • Haptic devices (6)
• Projector-based AR (4)
• Motion tracking (2)

• Haptics: Integrated to enhance physical realism in VR
training.

• Projectors: Used for collaborative telemaintenance
without wearable gear.

• Tracking: Leap Motion used for natural gesture-based
interactions.

VR platform for assembly planning and assessment. Such
multi-library implementations are less common in more recent
studies, suggesting a shift toward more integrated development
environments that encapsulate these functionalities.

L. Content Authoring Approaches

A notable trend across the reviewed studies is the increas-
ing focus on content authoring approaches that simplify the
creation of XR maintenance applications without requiring
extensive programming expertise. Studies [21], [23], [56], [58],
[69], [72] present frameworks or methodologies specifically
designed to enable non-technical domain experts to create and
manage XR content for maintenance tasks.

Study [69] exemplifies this trend with an automatic content
creation system for AR maintenance applications that extracts
information from electronic manuals to generate AR-ready
content accessible via QR codes. Similarly, the study [56]
presents the INTERVALES framework that simplifies AR/VR
content authoring for industrial applications by providing a
modular architecture that supports both IT developers and
domain experts.

This evolution toward simplified content creation consti-
tutes a significant advancement in the practical deployment of
XR in industrial maintenance, addressing a primary obstacle to
implementation identified in earlier research — the high tech-
nical expertise traditionally required to develop and maintain
XR applications.

M. Integration with Industrial Systems

The incorporation of XR applications into established in-
dustrial systems and information infrastructure represents an
emerging focus area in more recent studies. Several papers
[33], [38], [41], [45], [53] discuss approaches for connecting
XR applications with industrial IoT systems, databases, and
enterprise asset management systems.

Study [38] presents an integrated approach combining IoT,
machine learning, and AR within a comprehensive predictive

maintenance framework. Similarly, study [79] demonstrates a
unified platform integrating IoT, analytical processing, AR, and
VR technologies to support equipment surveillance and main-
tenance. These integrated approaches represent a maturation of
the field, moving beyond isolated XR implementations toward
more holistic solutions that leverage multiple complementary
technologies.

The software and development trends reflect an industry
transitioning from experimental proof-of-concept implemen-
tations toward more standardized and integrated approaches,
with increasing emphasis on reducing technical barriers to
adoption and enhancing integration with existing industrial
ecosystems.

1) Application areas: The analysis of primary studies re-
veals distinct patterns in the application of XR technologies
across maintenance tasks and scenarios in industrial environ-
ments. This subsection categorizes and examines the primary
application areas identified in the literature, as summarized in
Fig. 10.

N. Procedural Guidance and Task Assistance

Providing step-by-step guidance for maintenance proce-
dures was the most prevalent application area (41 studies,
43.1%), with Augmented Reality the predominant technology
in this domain. AR’s ability to overlay digital information
directly onto physical equipment makes it particularly suited
for procedural guidance.

Studies [4], [15], [22], [27], [43], [75] showcase AR’s
application for guiding users through maintenance proce-
dures with visual overlays. Study [22] demonstrates an early
implementation using a screen-based video see-through AR
system for motorcycle engine maintenance, reporting a 38%
improvement in completion time and 92.4% reduction in
error rate compared to traditional paper manuals. Recently,
study [75] developed the TAGGAR system, which focuses on
providing AR task guidance for procedural maintenance tasks
by rendering virtual hand animations that demonstrate required
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TABLE II. SUMMARY OF SOFTWARE TRENDS AND DEVELOPMENT FRAMEWORKS

Category Dominant Tech Key Implementation Patterns Refs.

Game Engines Unity, Unreal Engine • Unity is dominant (18 studies) due to cross-platform assets.
• Unreal used specifically for high-fidelity needs.
• Shift from custom engines to standardized platforms.

[8], [12], [15], [21],
[27], [29], [34], [46],
[48], [50], [57], [65],
[74], [75], [77], [79],
[80], [81], [64]

SDKs Vuforia, OpenXR,
MRTK

• Vuforia remains the standard for visual tracking.
• Adoption of OpenXR/MRTK reflects a move toward open
standards and specific HoloLens optimization.

[15], [21], [29], [57],
[73], [75], [79]

Languages Python, C#, C++ • Python: Used for ML and data pipelines.
• C#: Primary language for Unity-based interaction.
• C++: Usage declining; mostly for legacy or haptic libraries.

[1], [34], [69], [74],
[75]

Authoring Low-code Frameworks • Focus on simplifying creation for non-technical experts.
• Automated content generation from manual data (e.g., QR codes).

[21], [56], [69]

Integration IoT, EAM, Cloud • Move from isolated apps to holistic ecosystems.
• Integration with live IoT data and predictive maintenance systems.

[38], [45], [79], [81]

actions. This enables AR-based guidance for tasks such as
pressing buttons, twisting knobs, pulling objects, and picking
up/placing items.

The presentation modalities for procedural guidance have
evolved considerably over the review period. Early studies
primarily used text and simple 2D graphics, whereas more
recent research has explored 3D animations [4], standardized
graphical symbols [25], [26], [61], and context-aware adaptive
interfaces [15], [21], [55]. Study [36] explicitly compares three
different AR presentation modes for maintenance instructions
in blind areas, finding that in-situ 3D presentations with X-ray
rendering outperform 3D side-by-side in terms of completion
time.

Several studies [21], [46], [47], [65], [76], [78] focus on
adapting the level of guidance to match user expertise and task
complexity. Study [47] proposes a system that combines col-
laborative robotics and AR, designed to accommodate workers
with different experience levels through robotic assistance and
AR guidance in car panel fitting operations. Study [76] in-
troduces an approach to developing Augmented Reality-based
Adaptive Assistance Systems (ARAAS) that adapt content to
operator characteristics.

O. Training and Skill Development

Training is the second most common application area
(mentioned in 32 studies, 33.6%), serving as a cornerstone
use case for XR technologies in industrial maintenance. The
engaging and interactive characteristics of XR environments
offer a safe, controlled space for skill development without the
risks or resource constraints of real-world training scenarios.

Virtual Reality dominates the training domain, with studies
[10], [30], [35], [63], [64], [77] showcasing comprehensive
VR-based training systems for various maintenance proce-
dures. Study [35] demonstrates how VR training enhances
performance in intricate industrial assembly tasks compared
to traditional methods, showing improved performance and
training permanency. Similarly, study [77] compares VR-based
training with traditional paper-based approaches for wiring

electric motors, reporting a 10% improvement in task com-
pletion time.

Augmented Reality training applications focus more on
in-situ guidance and real-time skill development. Study [29]
presents an AR mobile application for training on CNC lathe
maintenance and repair, highlighting improved student moti-
vation and learning outcomes. The hybrid approach of using
AR during actual maintenance tasks blurs the line between
training and operational support, as illustrated in study [17],
which compares AR, VR, and video-based training for manual
assembly tasks.

More recent studies [80], [81] demonstrate an evolution
toward more sophisticated training approaches, incorporating
game-based elements, adaptive difficulty, and integration with
real equipment data. Study [80] introduces an XR-based se-
rious game for compressed air system maintenance, while
study [81] presents a modular framework for developing VR
environments to enhance safety training during human-robot
collaboration scenarios.

P. Assembly and Disassembly Support

Assembly and disassembly tasks appear as specific focus
areas within the broader maintenance domain, with assembly
operations mentioned in 24 studies (25.2%) and disassembly
processes in 5 studies (5.2%). These complementary processes
represent fundamental maintenance activities that benefit sig-
nificantly from XR guidance.

AR dominates dis/assembly support applications, as
demonstrated in studies [4], [16], [24], [41], [57], [59]. Study
[41] introduces an AR solution that facilitates the assembly
of multi-stage rotors used in turbine-based combined-cycle
engines. Study [16] presents an AR-assisted framework for
product disassembly (ARDIS) to improve efficiency in product
maintenance and remanufacturing processes. Similarly, study
[24] applies Design for Disassembly (DfD) principles with AR
visualization to optimize the disassembly process for industrial
components.
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VR applications in this domain focus more on planning,
verification and simulation aspects of assembly/disassembly.
Study [1] presents a haptic VR platform for planning, perform-
ing and assessing virtual assemblies, providing force feedback
and realistic part behavior. Study [67] introduces a multimodal
system for verifying assembly procedures and product design
in VR using CAD models and haptic feedback.

Mixed Reality applications for assembly tasks appear in
studies [68], [70], with a particular focus on remote col-
laboration scenarios. Study [70] presents an adaptive MR
remote collaboration system that provides clear, detailed, and
spatially correct instructions for assembly tasks, demonstrating
improved performance and reduced workload compared to a
typical remote collaboration interface called RECI.

Q. Remote Assistance and Collaboration

Remote expert support and collaborative maintenance
emerged as a significant application area (22 studies, 23.1%),
reflecting the growing importance of distributed work and
knowledge sharing in industrial settings. All three major XR
technology types (AR, VR, and MR) are well-represented in
this domain, each offering distinct advantages.

AR-based remote assistance systems are demonstrated in
studies [7], [9], [37], [66], with study [37] presenting a
projector-based AR system for telemaintenance that enables
bidirectional spatial communication between remote experts
and on-site technicians. AR’s ability to provide spatially-
anchored guidance in the real environment makes it particu-
larly effective for remote support scenarios. VR-based collab-
orative environments have been explored in studies [11], [13],
[14], [32], focusing on shared virtual spaces for maintenance
planning and knowledge exchange. Study [32] examines the
application of collaborative VR for reviewing maintenance
documentation and assessing risk, highlighting numerous ben-
efits for globally distributed teams.

The most sophisticated remote collaboration approaches
utilize Mixed Reality, as shown in studies [68], [70], [71].
Study [70] presents an MR remote collaboration system
(AGICA) that supports adaptive instruction generation based
on context awareness, while study [71] introduces a novel
MR system that enables remote experts to create 3D models
for annotating spatial areas with visual notifications about
interactions.

R. Inspection and Diagnostic Support

Inspection tasks (5 studies, 5.2%) and diagnos-
tic/troubleshooting support (3 studies, 3.1%) represent
more specialized application areas where XR technologies
augment human perceptual and analytical capabilities. These
applications often combine XR with additional sensing
modalities or analytical tools.

Study [20] presents an innovative system (AROD) that
combines AR with an electronic nose (e-nose) for odor de-
tection during maintenance, displaying relevant information
to detected odors via a HoloLens headset. Similarly, study
[51] introduces MANTRA, a novel AR system that combines
AR and infrared thermography for industrial maintenance,
automatically aligning virtual information and temperature
data with 3D objects.

In the inspection domain, study [41] presents an AR-
based system for guiding the assembly of multi-stage rotors,
incorporating measurement equipment to provide real-time
visual assembly guidance tailored to precision requirements.
Study [76] applies an adaptive AR assistance system specifi-
cally to landing gear inspection operations, highlighting areas
to measure and displaying corresponding tolerance values,
resulting in reduced execution time and improved information
access.

Recent studies indicate an increasing integration of XR
with other Industry 4.0 technologies to enhance diagnostic
capabilities. Study [53] presents a methodology for automatic
segmentation and analysis of anomalies in solar PV modules
using unsupervised sensing algorithms coupled with 3D AR
visualization. Study [79] demonstrates an integrated system
combining IoT, data analysis, AR and VR for equipment mon-
itoring and maintenance, enhancing predictive maintenance
capabilities and operational efficiency.

The literature identifies diverse and evolving XR use cases
in industrial maintenance. While specific applications, such as
training and procedural guidance, are well-established across
the review period, newer applications, including integrated
diagnostic systems and adaptive assistance frameworks, rep-
resent emerging trends that leverage XR’s capabilities in
increasingly sophisticated ways.

S. Advantages of Extended Reality in Industrial Maintenance

The analysis of primary studies reveals five major cate-
gories of advantages associated with XR technologies in indus-
trial maintenance contexts, as summarized in Table III. These
benefits collectively demonstrate the transformative potential
of these technologies across various aspects of maintenance
operations.

1) Efficiency and performance improvement: Improved op-
erational efficiency represents one of the most frequently cited
advantages of XR technologies. AR applications consistently
demonstrate significant time savings in maintenance execu-
tion. Study [22] reports a 38% improvement in completion
time for motorcycle engine maintenance tasks compared to
traditional paper manuals. Study [76] presents a methodology
for designing Augmented Reality-based Adaptive Assistance
Systems (ARAAS). The system supports inspection operations
of landing gear components during maintenance, repair, and
overhaul (MRO) activities, resulting in a 10% reduction in
total inspection time.

The efficiency gains are pronounced for complex mainte-
nance tasks as well. Study [2] demonstrates that AR instruc-
tions significantly reduce task completion time, particularly for
complex maintenance activities, whereas they have a smaller
impact on simpler tasks. Similarly, study [3] shows that task
completion time is reduced with AR-based instruction methods
compared to paper-based methods, especially for complex
tasks involving a piston pump system. This finding suggests
that escalating benefits occur as task complexity increases
— a valuable characteristic in industrial environments, where
complex procedures pose the most significant challenges.

The cost implications of these efficiency improvements
stem from decreased downtime [7], [11], reduced travel re-
quirements for experts [7], [9], [11], and more efficient use of
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Procedural Guidance
& Task Assistance

41 Studies (43.1%)

Dominant Tech:
Augmented Reality
(Handheld & HMD)

Key Findings & Evidence:
• 38% time reduction, 92.4% error decrease vs. paper [22]
• Evolution: 2D text/video → in-situ 3D animations [4], [75]
• Context-aware adaptive interfaces [15], [21], [55]
• Adaptation to user expertise levels [46], [76]

Training &
Skill Development

32 Studies (33.6%)

Dominant Tech:
Virtual Reality
(Immersive)

Key Findings & Evidence:
• 10% faster task completion vs. paper training [77]
• Sustained retention over 6-month periods [35]
• Serious games & gamification elements [80]
• Hybrid approaches blurring training vs. support [17]

Assembly &
Disassembly Support

29 Studies (30.5%)

Dominant Tech:
AR (Execution)
VR (Planning)

Key Findings & Evidence:
• AR for real-time overlay during execution [41], [59]
• VR + haptics for assembly planning & verification [1], [67]
• Design for Disassembly (DfD) with AR visualization [24]
• MR for remote-assisted assembly tasks [68], [70]

Remote Assistance
& Collaboration

22 Studies (23.1%)

Dominant Tech:
AR, VR, & MR

(Balanced)

Key Findings & Evidence:
• Projector-based AR for shared telemaintenance [37]
• MR with adaptive 3D annotation & spatial cues [70], [71]
• Asymmetric collaboration (Remote Expert + Local Worker) [9], [66]
• VR for asynchronous review of distributed teams [13], [32]

Inspection &
Diagnostic Support

8 Studies (8.4%)

Dominant Tech:
Integrated XR
(IoT/Sensors)

Key Findings & Evidence:
• Multi-sensor integration: thermography [51], e-nose [20]
• Real-time IoT data overlay for predictive maintenance [38], [79]
• Automated anomaly detection in solar PV modules [53]
• 10% inspection time reduction with adaptive AR [76]

Application Area Technology Key Findings & Evidence

Fig. 10. Taxonomy of primary application areas in XR industrial maintenance, mapping study frequency, dominant technologies, and key empirical findings
with supporting references.

personnel [2], [9], [11]. Notably, study [45] identifies cost re-
duction as a direct benefit of AR-based maintenance assistance.
In contrast, study [64] highlights the economic advantages of
VR training over physical equipment use, including reduced
costs, faster training delivery, and the elimination of expensive
physical resources.

2) Quality enhancement and error reduction: Error reduc-
tion emerges as a significant advantage in reviewed studies.
The visual guidance and procedural structure provided by XR
applications contribute to fewer errors and more consistent
performance. Study [22] demonstrates a remarkable 92.4%
reduction in error rates when using AR for maintenance tasks

compared to paper-based instructions. Similarly, study [31]
found that AR guidance resulted in fewer errors compared to
paper instructions during maintenance tasks.

VR applications show comparable benefits in training con-
texts. Study [35] reports that VR-based training for industrial
assembly tasks led to improved performance and fewer er-
rors during subsequent real-world execution. The immersive
environment enables repeated practice without risk, improving
proficiency before physical interaction with equipment.

MR offers unique advantages for quality in collaborative
scenarios. Study [70] presents an MR system that reduced
errors by providing spatially correct instructions for assembly
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TABLE III. SUMMARY OF KEY ADVANTAGES AND BENEFITS OF XR IN INDUSTRIAL MAINTENANCE

Category Key Benefits & Empirical Evidence Refs.

Efficiency &
Performance

• Time Reduction: Significant savings in execution time (e.g., 38%
improvement in engine maintenance ; 10% in inspection tasks ).
• Complexity Scaling: Benefits escalate as task complexity increases (e.g.,
piston pump systems) [2], [3].
• Cost Impact: Reduced downtime, decreased expert travel, and
elimination of physical training assets [45], [64].

[2], [3], [7]

Quality &
Error Reduction

• Error Mitigation: Visual overlays prevent mistakes. Reported 92.4%
error reduction vs. paper manuals [22].
• Precision: Spatially correct 3D instructions prevent misalignment in
assembly tasks [70].
• Training Transfer: Virtual practice leads to fewer errors during
subsequent real-world execution [35].

[22], [31], [35], [70]

Learning &
Knowledge Transfer

• Risk-Free Practice: VR enables "learning-by-doing" without equipment
damage [10].
• Retention: Improved training permanency observed over 6-month
periods [35].
• Just-in-Time: AR provides contextual knowledge directly at the point of
need [42].

[10], [32], [35], [42], [77]

Human-Centric
Advantages

• Cognitive Load: Reduces attention switching between manuals and
tasks; aids processing in complex procedures [2], [16], [54].
• Adaptability: Content adapts to user skill levels (novice vs. expert) and
preferences [42], [46], [76].
• Ergonomics: Hands-free operation via HMDs and voice assistants
reduces physical strain [33], [62], [73].

[25], [42], [46], [54], [73], [76]

Collaboration
& Safety

• Remote Support: Expert guidance for distributed teams; asynchronous
collaboration on virtual prototypes [9], [13].
• Hazard Awareness: Visualization of safety zones (e.g., robot
workspaces) and risk mitigation planning [19], [81].

[9], [13], [19], [28], [81]

Note: Where multiple references appear in a single cell, inline citations within the Key Benefits/Barriers column indicate the specific claim each reference

supports. References listed in the Refs. column without inline attribution provide additional evidence for the category as a whole.

tasks. The visualization of 3D elements in their proper spatial
context helps prevent misalignment and assembly errors.

3) Enhanced learning and knowledge transfer: XR tech-
nologies demonstrate significant benefits for maintenance
training and knowledge transfer. VR creates safe environments
for practice, eliminating risk to equipment and personnel.
Study [10] explains that VR provides immersive simulations
that enable learning-by-doing in risk-free settings, potentially
shortening learning periods. Study [77] offers empirical evi-
dence that VR-based training for wiring electric motors led to
10% faster task completion than traditional training.

AR facilitates learning directly within the work con-
text, enabling just-in-time knowledge acquisition. Study [42]
demonstrates that AR guidance enhances skill development
by providing personalized instruction tailored to individual
skill levels. Knowledge retention represents another advantage,
as a study [35] reports improved training permanence with
VR-based approaches, demonstrating sustained performance
improvements over six months.

These XR learning benefits extend to knowledge sharing
across organizations. Study [32] demonstrates how VR en-
hances collaboration and spatial understanding for globally dis-
tributed teams performing maintenance, documentation review,
and risk assessment.

4) Human-centric advantages: Human-centric benefits ad-
dress cognitive enhancement, ergonomic improvements, and
personalized experiences. These advantages directly impact
operator well-being and performance in maintenance contexts.

Cognitive Load Optimization: XR technologies effectively
modulate cognitive load during complex procedures. Study [2]
demonstrates that AR instructions enhance cognitive process-
ing, particularly for complex tasks, by presenting information
in a more intuitive and spatially relevant manner. Study [54]
illustrates how AR reduces cognitive load through automatic
object detection and spatial guidance, providing situation-
aware and dynamic task assistance. Traditional maintenance
approaches pose significant cognitive challenges, as high-
lighted in Study [16], which notes that operators must con-
stantly shift their attention from the task at hand to instruction
manuals, making disassembly processes error-prone and time-
consuming. XR solutions address this fundamental limitation
by overlaying contextual information directly onto the work
environment, eliminating the need for attention switching and
maintaining operator focus on the primary task.

Adaptability to User Characteristics: Approximately one-
third of studies highlight personalization features that accom-
modate varying skill levels and learning styles. Study [76]
presents an AR-based Adaptive Assistance System method-
ology that adapts content to user expertise level, adjusts
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information presentation based on preferences, and provides
personalized assistance experiences. Study [42] demonstrates
that AR can enhance the accessibility of manufacturing jobs
by enabling personalized delivery of task information tailored
to workers’ preferences. Study [46] an adaptive framework for
generating Augmented Reality (AR) instructions for machine
operation, tailored to individual operators’ skill levels. The
system retrieves task data and worker profiles to provide
personalized AR guidance, thereby improving productivity,
safety, and worker satisfaction.

Ergonomic Enhancement: XR technologies contribute to
improved physical ergonomics in many studies. Head-mounted
AR displays enable hands-free operation, as demonstrated in
study [33], allowing technicians to access information while
maintaining physical engagement with equipment. Study [73]
provides objective measurements showing AR instructions can
reduce physical strain in certain muscle groups, particularly for
simple maintenance tasks.

Improved Information Design: Enhanced information pre-
sentation is another human-centric advantage. Study [25]
presents a methodology for converting technical documen-
tation into AR-based manuals, optimizing text usage and
converting textual instructions into visual elements. Study
[62] shows how AR voice assistants can facilitate hands-free
interaction during manual tasks, improving both ergonomics
and information accessibility.

5) Collaboration and safety: Improved collaboration is re-
ported in more than one-third of studies, with a particular em-
phasis on remote expert support. Study [9] demonstrates how
AR assists service technicians with remote expert guidance
for problems of varying difficulty. Study [13] illustrates how
the COVE-VR platform facilitates asynchronous collaboration
among globally distributed departments, enabling interaction
with virtual prototypes in realistic settings.

Safety benefits manifest through risk-free training environ-
ments and improved hazard awareness. Study [28] proposes a
human-centered conceptual model that integrates Augmented
Reality (AR) and Dynamic Digital Models (DDM) to improve
training and mitigate occupational risks in industrial contexts,
enabling real-time risk management support for occupational
safety. Study [81] presents a template concept for creating and
modifying VR environments more efficiently in industrial con-
texts, specifically focusing on safety training for human-robot
collaboration in industrial assembly. The approach emphasizes
visualizing safety zones and robot workspaces while helping
operators understand safety protocols. Study [19] presents a
methodological proposal called SMART (Sistema Modular de
Acceso Rápido Temporal) for implementing Virtual Reality
(VR) and Augmented Reality (AR) systems to train engi-
neering students in industrial maintenance and safety skills
without exposing them to real risks. The methodology consists
of four phases: Requirements, Architecture, Construction, and
Evolution. The primary tasks involve utilizing VR for risk
identification, assessment, and mitigation planning in industrial
settings.

6) Evolution of advantages over time: The advantages of
XR technologies have evolved significantly over the 2014-2025
review period, reflecting both technological advancements and
a deeper understanding of their implementation.

Early studies (2014-2017) focused primarily on funda-
mental efficiency improvements and basic visualization ca-
pabilities. Study [22] exemplifies this phase, emphasizing the
reduction of completion time and error elimination through AR
visualization. Advantages described in this period tended to be
directly measurable, such as time savings and error counts.

Middle-period research (2018-2021) expanded to include
more sophisticated cognitive and learning benefits. Studies
[10], [35], [47] demonstrate greater attention to knowledge
transfer, cognitive support, and adaptive capabilities. The ad-
vantages described become more nuanced, addressing not just
faster task completion but also enhanced understanding and
knowledge retention.

Recent studies (2022-2025) show a shift toward person-
alization, human-centric design, and integration with other
technologies. Study [75] demonstrates this trend by presenting
an AR system that automatically generates task guidance using
vision-language models, a level of integration with AI not
seen in earlier studies. Study [70] showcases advanced MR
applications that adapt to contextual awareness, while study
[2] provides empirical evidence for AR’s differential benefits
based on task complexity.

This evolution reflects the maturation of XR from novel
technical solutions to sophisticated sociotechnical systems that
actively adapt to human needs and organizational contexts,
suggesting continued development toward increasingly intel-
ligent, integrated, and human-centered XR applications for
industrial maintenance.

T. Limitations and Challenges of Extended Reality in Indus-
trial Maintenance

The implementation of XR technologies in industrial main-
tenance faces several significant barriers that must be addressed
to realize their full potential. Analysis of the primary studies
reveals four major categories of limitations and challenges that
currently impede wider adoption of these technologies.

1) Technical limitations: Hardware constraints represent
the most frequently reported technical limitation. Head-
mounted displays (HMDs) are particularly criticized for their
limited field of view, which restricts the user’s peripheral vision
during maintenance tasks. Study [7] identifies this narrow field
of view as problematic for guiding technicians during on-
site repair tasks and providing remote experts with AR views
of machinery for analysis. Battery life limitations also affect
deployment feasibility, with study [15] highlighting the need
for extended battery life to support all-day use in industrial
settings.

Tracking and registration accuracy emerge as another sig-
nificant technical challenge. Study [54] reports image dis-
tortion during rapid motion, which affects the reliability of
object detection, and notes that current AR devices struggle
with reflective or transparent objects common in industrial
equipment. Registration misalignment, where virtual elements
do not precisely align with physical components, is highlighted
in studies [4], [36], [52], [59] as particularly problematic for
maintenance tasks requiring high precision.

Network performance and computational requirements
present additional technical barriers. Study [70] identifies
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limitations in network connectivity with current Wi-Fi tech-
nology as a constraint for data-intensive XR applications.
Study [44] demonstrates these connectivity challenges in real-
world field deployments, where poor network performance
forced researchers to use dedicated 4G hotspots paired with
HoloLens 2 devices to address connectivity issues, though
even this solution proved insufficient for performance-intensive
features that require high-bandwidth connections. Computa-
tional limitations identified across studies include processing
complexity and performance constraints when handling large
3D CAD models [13], jitter in pose estimation algorithms [51],
challenges in data management and scene reconstruction [71],
and insufficient computational resources for complex scenarios
requiring real-time processing and rendering.

2) Implementation and adoption barriers: Organizational
implementation challenges appear in 42% of studies, spanning
integration, acceptance, and resource constraints. The high im-
plementation cost represents a significant barrier, particularly
for small and medium enterprises. Studies [34], [64], [80]
explicitly identify substantial initial investment requirements
as a limitation, while study [29] points to financial resource
constraints in adapting XR for technical training contexts.

User acceptance and adaptation difficulties are prominently
reported in studies [9], [26], [35], [52], [59], [79]. Study [26]
reports the need for user adaptation to symbol-based instruc-
tions in its proposed method, aiming to reduce the amount of
text in technical documentation. Study [9] explicitly notes that
resistance is present among technicians with lower technology-
affinity scores. This reluctance manifests as skepticism about
the accuracy and trustworthiness of information, with study
[6] identifying potential trust issues in information provided
through XR interfaces. Study [62] reports user frustration with
speech recognition errors during maintenance tasks, highlight-
ing the gap between expected and actual performance in real-
world conditions.

Content-creation complexity poses a persistent challenge
in implementation. Study [26] identifies the complexity of AR
authoring as a significant barrier due to difficulties in creating
scalable solutions for different types of maintenance manuals.
Studies [47], [52] report the laborious model preparation
required for effective AR implementation, thereby imposing
a high threshold for initial deployment.

3) Human factors challenges: Cognitive and physical er-
gonomic issues are identified in 35% of studies. Extended
use of HMDs can cause physical discomfort, with study [73]
providing objective measurements showing increased strain
in certain neck and shoulder muscles due to the weight and
required posture of AR headsets. Study [3] reports the potential
for cognitive overload due to focus rivalry between real and
virtual information, particularly for complex tasks.

User skill variability presents challenges for designing
appropriate XR interfaces. Study [40] identifies difficulties in
providing proper guidance for users of varying skill levels,
while study [3] notes a learning curve for novel AR interaction
techniques. Study [55] reports initial challenges with gesture
controls for users unfamiliar with AR interfaces.

Environmental considerations further complicate human
factors design. Study [36] identifies implementation challenges
related to varying lighting conditions, which affect tracking

reliability. Study [20] notes the influence of humidity and
temperature on sensing capabilities, while study [8] reports
difficulties in detecting reflective or transparent objects when
using Microsoft HoloLens smart glasses.

4) Methodological and evaluation challenges: Assessment
limitations are also reported in the primary studies, particularly
regarding the ecological validity of laboratory evaluations.
Study [66] notes the difficulty in replicating real-world condi-
tions in controlled tests and identifies challenges in balancing
safety concerns with the requirements of real-world testing.

Many studies rely on limited sample sizes or non-
representative participant groups. Study [76] acknowledges a
key limitation in having only three inspectors test their ARAAS
methodology, which potentially limits the generalizability of
the results. Similarly, study [3] notes the limited generalizabil-
ity of findings due to participant characteristics and the specific
AR interface tested. Study [12] reports limited generalizability
due to its focus on elevator maintenance, while presenting the
xR Safety Kit framework for AR-based industrial maintenance
solutions.

Long-term effectiveness evaluation remains particularly
challenging. Study [17] identifies the need for studies examin-
ing extended XR use rather than single-session experiments. In
contrast, study [3] notes limitations in understanding the long-
term effects of AR use on user performance and adaptation.

These limitations and challenges, summarized in Table IV,
highlight the current state of XR technologies in industrial
maintenance as promising but still maturing. Many studies
conclude with recommendations for future research that specif-
ically target these barriers, suggesting a collective recognition
of the need to address these challenges and advance the field
toward more effective and widely implemented XR solutions.

U. Evaluation Criteria of XR in Industrial Maintenance

The systematic evaluation of XR technologies in indus-
trial maintenance employs diverse criteria and instruments to
validate effectiveness across multiple dimensions. Analysis of
the primary studies reveals a structured evaluation landscape
organized into five primary categories, as illustrated in Fig. 11,
each addressing distinct aspects of XR system performance in
maintenance contexts.

1) Performance-based evaluation: Objective performance
metrics represent the most prevalent approach. Task comple-
tion time and error rates each appear in 25 studies, reflecting
industrial emphasis on quantifiable operational improvements.
Study [22] demonstrates AR’s meaningful impact, reporting a
38% reduction in completion time and a 92.4% decrease in
errors for motorcycle engine maintenance compared to paper
instructions. Study [77] shows similar benefits for VR training,
with 10% faster task completion for electric motor wiring. The
combined assessment of efficiency (time) and effectiveness
(errors) provides robust evidence for XR impact, as demon-
strated across diverse maintenance scenarios in Studies [18],
[36], [44].

2) Cognitive load and workload assessment: Cognitive
evaluation appears in 16 studies, with the NASA Task Load
Index used in 10 studies. This standardized questionnaire
measures mental, physical, and temporal demands, as well as
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TABLE IV. SUMMARY OF BARRIERS, LIMITATIONS, AND CHALLENGES IMPEDING XR ADOPTION IN INDUSTRIAL MAINTENANCE

Category Key Barriers & Challenges Refs.

Technical
Limitations

• Hardware Constraints: Limited Field of View (FOV) restricts peripheral
vision; battery life insufficient for full shifts [7], [15].
• Tracking & Registration: Misalignment of virtual overlays; instability
with rapid movement or reflective/transparent surfaces [4].
• Connectivity: Wi-Fi/Network latency hinders data-intensive tasks; heavy
processing of CAD models causes jitter [13], [70].

[4], [7], [13], [15], [70], [71]

Implementation
& Adoption

• Cost: High initial investment and resource requirements for SMEs and
training contexts .
• User Acceptance: Resistance due to low tech affinity; trust issues with
data accuracy; frustration with interaction errors (e.g., speech) [6], [9].
• Content Creation: Laborious model preparation and complex authoring
processes create high deployment thresholds .

[6], [9]

Human Factors
& Ergonomics

• Physical Strain: Neck/shoulder fatigue from HMD weight and prolonged
posture .
• Cognitive Load: Focus rivalry between real/virtual elements; cognitive
overload in complex tasks .
• Environmental Sensitivity: Lighting variations, humidity, and temperature
affect sensor reliability and tracking .

[3], [8]

Methodological
& Evaluation

• Ecological Validity: Difficulty replicating real-world industrial conditions
(safety, chaos) in lab settings [66].
• Generalizability: Reliance on small sample sizes (e.g., N=3) or
non-representative participant groups [12].
• Longitudinal Data: Lack of studies examining long-term effects,
adaptation, and sustained performance [3], [17].

[3], [12], [17]

Note: Where multiple references appear in a single cell, inline citations within the Key Benefits/Barriers column indicate the specific claim each reference

supports. References listed in the Refs. column without inline attribution provide additional evidence for the category as a whole.

performance, effort, and frustration. Study [2] reveals differen-
tial cognitive impact across task complexity, showing signifi-
cant workload reduction for complex maintenance procedures,
whereas simpler tasks yield minimal benefit. Study [3] extends
this by measuring EEG (refers to the use of electroencephalog-
raphy (EEG) to study and measure brain activity related to
cognitive processes) during AR-assisted pump maintenance,
revealing neural correlates of reduced cognitive demand. The
integration of subjective workload measures with objective
performance metrics provides complementary perspectives, as
exemplified by the comprehensive evaluation of AR plant
maintenance systems in Study citep7.

3) Physiological measurement: Physiological evaluation
appears in 7 studies and offers unique insights through biosens-
ing technologies. Heart rate variability emerges as the most
common measure [2], [10] and assesses cardiovascular re-
sponses and physical stress. Electrodermal activity provides a
complementary assessment of stress in Studies [4], [10]. Eye
tracking offers particular value for evaluating visual attention
and information processing; Study [4] employed comprehen-
sive gaze behavior analysis during AR-assisted assembly, and
Study [12] used it to identify safety hazards in VR simulations.
Despite the advantages of continuous, real-time assessment and
capture of unconscious responses, the relatively low adoption
rate likely reflects practical constraints, including specialized
equipment requirements and demands for technical expertise.

4) Usability and user experience: Usability assessment
appears in 28 studies, emphasizing that technical functionality
requires intuitive, satisfying user interactions. The System

Usability Scale (SUS) emerges as the most widely adopted
standardized instrument in 10 studies, enabling comparison
across different XR implementations [15], [17], [54], [55].
User experience evaluation extends beyond narrow usability to
encompass satisfaction and acceptance, appearing in 33 stud-
ies. Study [5] evaluates integration into existing maintenance
workflows, while Study [11] focuses on perceived usefulness
for industrial tasks. Several studies employ domain-specific
instruments, such as ISONORM [7], which are tailored to
industrial contexts and ergonomic standards.

5) Specialized dimensions and multi-method approaches:
Learning outcomes are explicitly evaluated in 13 studies,
particularly for VR training applications. Study [35] assesses
six-month knowledge retention following VR-based assembly
training and demonstrates sustained improvements in perfor-
mance. Economic evaluation appears in 8 studies, with Study
[64] quantifying the cost advantages of VR training through
reduced training time and resources and its cost-effectiveness
as a training solution. Safety assessment in 5 studies and col-
laboration quality in 5 studies address specialized application
contexts.

A comprehensive evaluation employing multiple assess-
ment modalities is reported in 18 studies. Study [4] exempli-
fies this approach, integrating five dimensions: task comple-
tion time, error analysis, NASA-TLX, physiological measures
(EDA and inter-beat interval), and usability (PSSUQ). Study
[7] evaluates effectiveness, efficiency, satisfaction, situational
awareness (SART), and usability (ISONORM). This multi-
method strategy enables the identification of potential trade-
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EVALUATION FRAMEWORK
Evaluation Criteria = f (Technology, Task Com-

plexity, Hardware, Context, Human Factors)

1. Performance-Based

Focus: Quantifiable metrics.
• Task Completion Time
• Error Rates / Accuracy
• Quality of Output

2. Cognitive Load

Focus: Mental demand.
• NASA-TLX (Standard)
• Mental Workload
• Frustration / Effort
• EEG (Brain Activity)

3. Usability & UX

Focus: Satisfaction &
Interaction.
• SUS (System Usability
Scale)
• User Acceptance / Trust
• ISONORM (Ergonomics)
• Perceived Usefulness

4. Physiological

Focus: Objective body
response.
• Heart Rate (HRV)
• Eye Tracking (Gaze)
• Electrodermal Activity
• Physical Fatigue

5. Specialized/Multi-Method

Focus: Contextual impact.
• Learning Outcomes
• Economic Analysis (ROI)
• Safety Awareness
• Collaboration Quality

Fig. 11. Comprehensive evaluation framework for XR in industrial maintenance, illustrating the five primary assessment categories and the functional
relationship defined in this review.

offs and provides both quantitative evidence and a nuanced
understanding of user experiences.

6) Technology-specific patterns and framework: The rela-
tionship between evaluation approaches and implementation
contexts reveals strategic patterns. Complex maintenance tasks
require comprehensive evaluation, including cognitive load and
physiological measures, as demonstrated in Studies [2], [3],
[4]. Human-centric evaluation integration is featured in 42
studies, addressing cognitive support, ergonomics, adaptability,
and user experience-critical factors for the adoption of indus-
trial XR.

The comprehensive evaluation framework (see Fig. 11)
illustrates the relationship: Evaluation Criteria = f(XR Technol-
ogy, Task Complexity, Hardware, Application Area, Human-
Centric Factors). This functional relationship informs the de-
sign of systematic evaluations, with criteria selection tailored
to the type of technology (AR’s operational focus suggests
performance metrics; VR’s training focus emphasizes learning
outcomes), task complexity (complex scenarios justify using
multiple methods), and human-centric factors (adaptive sys-
tems require assessing personalization effectiveness). As XR
technologies advance and are adopted more widely, evaluation
methods must also be developed to deliver strong evidence that
supports confident industrial adoption decisions.

IV. DISCUSSION

This systematic literature review synthesizes evidence from
primary studies on extended reality (XR) technologies in
industrial maintenance, revealing a rapidly maturing field
transitioning from technology-centric implementations toward
more sophisticated, human-centered systems.

A. Summary of Key Findings

The analysis reveals fundamental patterns in the adoption
of XR for industrial maintenance. AR dominates current im-
plementations (71.6%), primarily serving operational guidance
and on-site assistance. VR accounts for 38.9% of studies, with
strength in training and simulation contexts. MR represents
only 6.3% but demonstrates emerging potential for collabora-
tive maintenance scenarios. This distribution reflects pragmatic
alignment between technology characteristics and maintenance
task requirements.

Temporal analysis illuminates three distinct evolutionary
phases. Early research (2014-2017) emphasized fundamental
efficiency improvements through basic visualization. Middle-
period studies (2018-2021) expanded to cognitive and learning
benefits, incorporating adaptive capabilities and knowledge
transfer mechanisms. Recent work (2022-2025) demonstrates
AI integration, personalization, and context-aware systems
with automatic content generation. This progression mirrors

www.ijacsa.thesai.org 810 | P a g e



(IJACSA) International Journal of Advanced Computer Science and Applications,
Vol. 17, No. 4, 2026

the transitions from Maintenance 4.0 to Maintenance 5.0,
where human-centricity emerges as a central design principle.

The prominence of human-centric factors across 44.2%
of studies signals an evolving research emphasis. Temporal
analysis across the three identified phases supports this in-
terpretation: human-centric factors appeared in approximately
25% of studies during Phase 1 (2014–2017), increased to 42%
during Phase 2 (2018–2021), and reached 58% during Phase 3
(2022–2025). This progressive increase substantiates the char-
acterization of a paradigm shift toward human-centered XR
design in industrial maintenance. Evaluation approaches have
matured, with 18.9% of studies employing comprehensive,
multi-method assessments that integrate performance metrics,
cognitive load measures, physiological indicators, and user
experience dimensions.

B. Theoretical Contributions

This review presents two frameworks that advance the
understanding of XR effectiveness in maintenance contexts.

The Evaluation Framework expresses effectiveness as a
functional relationship: Evaluation Criteria = f(XR Technol-
ogy, Task Complexity, Hardware, Application Area, Human-
Centric Factors). This framework guides systematic assessment
by recognizing that evaluation criteria must align with the char-
acteristics of technology, task demands, and human factors.
Complex maintenance procedures requiring AR guidance with
HoloLens 2 in field deployments necessitate a comprehensive
evaluation encompassing performance metrics, NASA-TLX
cognitive assessment, usability measures, and physiological
indicators. VR training applications require the measurement
of learning outcomes, knowledge retention, and transfer effec-
tiveness.

The Technology-Task-Context Alignment Model proposes
optimal pairings between XR modalities, maintenance tasks,
and operational contexts. AR demonstrates superiority for
guidance, inspection, and procedural support in on-site en-
vironments where real-world context is essential. VR excels
in training, planning, and simulating hazardous procedures in
controlled learning environments. MR facilitates collaborative
problem-solving and remote assistance in distributed work con-
texts. Misalignment produces suboptimal outcomes. Deploying
VR for real-time repair introduces safety hazards, while using
AR for initial skills training may impose an excessive cognitive
load.

C. Comparison with Existing Literature

This review’s findings both converge with and extend
previous systematic reviews. Wang et al. [82] examined XR
in product assembly, identifying similar temporal evolution
patterns. However, their assembly focus revealed different
technology distributions across workflow phases. In the pre-
assembly phase, VR dominated pre-assembly activities, in-
cluding training, simulation, and planning (30 VR versus 9
AR/MR implementations). Conversely, in the after-assembly
phase encompassing maintenance activities, AR/MR showed
clear dominance (30 AR/MR versus 8 VR implementations).
This pattern aligns with the present review, where AR dom-
inates operational maintenance guidance (57.9% of mainte-
nance studies), highlighting how task characteristics shape
technology selection.

Earlier maintenance-specific reviews established a foun-
dational understanding at different maturity stages. Palmarini
et al. [83] identified fragmented AR solutions and hardware
limitations, concerns that remain partially relevant. Guo et al.
[84] focused on VR applications across product lifecycles. Our
findings extend these works by providing updated insights on
AR hardware evolution, revealing recent VR acceleration post-
2020, and documenting the emerging integration of AI and IoT.

The human-centric emphasis in our findings strongly sup-
ports the Maintenance 5.0 framework articulated by Psarom-
matis et al. [85], which expands beyond Industry 4.0’s focus
on automation and economic goals to encompass human-
centricity, sustainability, and resilience. With 44.2% of studies
addressing human-centric factors, our findings validate this
paradigm shift toward systems that balance technological ca-
pability with human well-being, cognitive support, and sus-
tainable operations.

Fang et al. [87] provided a comprehensive analysis of
HMD AR in manufacturing, emphasizing the challenges of
tracking, registration, and human-computer interaction. Our
maintenance-focused analysis confirms these findings and re-
veals additional barriers, including the complexity of content
authoring and the assessment of long-term effectiveness. The
convergence among reviews on hardware limitations, registra-
tion accuracy, and human factors suggests fundamental rather
than transient challenges.

Alam et al. [86] examined XR challenges in Industry
4.0 contexts, focusing on interoperability, adaptability, and
cost barriers. Our findings corroborate these, while providing
quantitative evidence: only 8.4% of studies included economic
evaluation, suggesting systematic underattention to implemen-
tation costs in industrial decision-making.

D. Practical Implications

For industry practitioners, this review provides evidence-
based guidance on selecting XR technology. Organizations
should prioritize AR for procedural guidance and inspec-
tion, where demonstrated time reductions of 38% and error
reductions of 92.4% provide clear value propositions. VR
investments are justified for training applications, particularly
for hazardous procedures where 10% efficiency improvements
and enhanced knowledge retention offset development costs.

Implementation should follow staged approaches. Initial
AR pilots targeting high-complexity maintenance with clear
performance metrics enable value demonstration. Critical suc-
cess factors include simplifying content authoring, robust
change management that addresses user acceptance, and eval-
uation frameworks that capture both quantitative performance
and qualitative user experience.

For XR system designers, human-centricity must be an
architectural principle. Systems should incorporate adaptive
capabilities that adjust to user expertise, task complexity, and
environmental conditions. Multi-modal interaction, supporting
both gesture and voice commands, accommodates diverse user
preferences.

For researchers, this review identifies critical gaps. Longi-
tudinal studies examining sustained XR usage beyond single-
session experiments are urgently needed, as are standardized
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evaluation protocols enabling cross-study comparisons. Eco-
nomic models incorporating the total cost of ownership would
strengthen industrial adoption decisions. Physiological evalu-
ation methods, currently employed by only 7.4% of studies,
offer unique insights complementing traditional performance
metrics.

E. Limitations

This review’s scope and methodology impose limitations.
Including assembly and disassembly tasks broadened the ev-
idence base but may introduce heterogeneity, as assembly
emphasizes different demands than traditional maintenance.

Grouping AR and MR reflects common practice but may
mask important distinctions in system capabilities. Rapid tech-
nological change means findings regarding specific hardware
platforms have limited temporal stability—limitations identi-
fied for 2015-era HMDs may not apply to current devices.

Most primary studies employed laboratory evaluations
with students rather than field deployments with experienced
technicians, limiting ecological validity. Small sample sizes
and single-session designs restrict understanding of long-term
effectiveness and adoption patterns. Publication bias toward
positive results may overestimate the effectiveness of XR.

F. Future Research Directions

Immediate research priorities include longitudinal field
studies examining XR adoption patterns and sustained usage
in authentic industrial settings. Standardized evaluation frame-
works would enable systematic comparison across implemen-
tations, facilitating meta-analyses. Economic evaluation incor-
porating comprehensive cost-benefit analyses would strengthen
industrial decision-making.

Medium-term priorities should focus on integrating emerg-
ing technologies. AI-enhanced XR systems offering context-
aware guidance, predictive maintenance support, and adaptive
instruction are promising directions aligned with Maintenance
5.0 principles. Digital twin integration connecting XR inter-
faces with real-time equipment data could enable advanced
diagnostic support and predictive capabilities. Multi-modal XR
incorporating haptic feedback, spatial audio, and environmen-
tal sensing may improve training effectiveness.

Long-term research should examine the ethical implica-
tions of XR deployment. Questions regarding worker surveil-
lance, skill deskilling versus augmentation, and equitable
access require sustained attention. The development of XR
systems that genuinely enhance human capabilities requires
critical engagement with human-centered design principles and
participatory development approaches.

This systematic literature review demonstrates that XR
technologies have progressed beyond proof-of-concept to be-
come viable tools for industrial maintenance. However, signif-
icant challenges remain before widespread adoption. Success
requires continued attention to human factors, robust evalua-
tion methodologies, and strategic implementation aligned with
organizational capabilities and the characteristics of mainte-
nance tasks.

V. CONCLUSION

This systematic literature review synthesizes evidence from
95 primary studies examining extended reality technologies
in industrial maintenance, revealing a rapidly maturing field
transitioning from technology-centric implementations toward
human-centered systems aligned with Maintenance 5.0 princi-
ples. The analysis demonstrates that XR technologies have pro-
gressed beyond proof-of-concept to become viable tools that
deliver measurable operational improvements while addressing
the evolving complexity of modern industrial maintenance.

The research establishes three fundamental contributions.
First, it identifies precise technology-task alignments: AR dom-
inates operational guidance and real-time assistance (71.6%
of studies), VR excels in training and simulation contexts
(38.9%), while MR enables collaborative maintenance scenar-
ios (6.3%). Second, temporal analysis reveals distinct evolu-
tionary phases—from basic visualization (2014-2017), through
cognitive enhancement (2018-2021), to AI-integrated adap-
tive systems (2022-2025)—mirroring the broader industrial
transformation toward human-centric maintenance. Third, the
prevalence of human-centric factors in 44.2% of studies signals
a paradigm shift emphasizing cognitive support, ergonomics,
adaptability, and user experience as central design considera-
tions.

This review advances theoretical understanding through
two frameworks. The Evaluation Framework expresses XR
effectiveness as Evaluation Criteria = f(XR Technology, Task
Complexity, Hardware, Application Area, Human-Centric Fac-
tors), providing systematic guidance for the design of as-
sessments. The Technology-Task-Context Alignment Model
recommends optimal pairings between XR modalities and
maintenance requirements, acknowledging that misalignment
yields suboptimal outcomes. These frameworks move beyond
descriptive analysis to offer prescriptive guidance for imple-
mentation decisions.

Practical implications indicate AR investments should tar-
get high-complexity procedural guidance, where demonstrated
time reductions of 38% and error reductions of 92.4% provide
clear value propositions. VR deployment is justified for train-
ing applications, particularly those involving hazardous proce-
dures, where the safety benefits and knowledge retention out-
weigh the development costs. Implementation success requires
staged approaches, simplified content authoring, robust change
management, and comprehensive evaluation frameworks.

However, these findings must be interpreted in light of
persistent limitations. Most primary studies relied on lab-
oratory evaluations with small sample sizes, limiting eco-
logical validity and generalizability. Hardware constraints—
including limited field of view, battery life, and tracking
accuracy on reflective surfaces—remain unresolved barriers to
industrial deployment. Content authoring complexity continues
to impose high thresholds for initial adoption, and economic
evaluation was addressed by only 8.4% of studies, leaving
the cost-effectiveness of XR implementations insufficiently
characterized. These observed limitations directly inform the
most pressing research priorities. First, longitudinal field stud-
ies are needed to address the current reliance on single-
session laboratory experiments identified across the reviewed
literature. Second, standardized evaluation protocols would
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resolve the inconsistencies in assessment methodologies that
currently prevent systematic cross-study comparison. Third,
comprehensive economic models incorporating total cost of
ownership would address the gap in financial analysis docu-
mented in this review. Beyond these immediate needs, future
research should explore AI-enhanced adaptive systems, digital
twin integration, and multi-modal interfaces, while engaging
with the ethical implications of sustained XR deployment in
industrial workplaces.
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