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Abstract

This paper presents a comprehensive systematic review examining the application of aug-
mented reality (AR) and sensor technologies for visualizing ionizing radiation in virtual
training environments. The review methodology involved systematic identification and
analysis of the relevant literature based on predetermined criteria including publication
type, year of publication, application domain, and technological approach. The literature
search encompassed publications from 2011 to 2021 across four major academic databases:
Web of Science, Google Scholar, IEEE Xplore, and Scopus. Through rigorous screening
following PRISMA 2020 guidelines, 23 research articles met the inclusion criteria for de-
tailed analysis. From 404 initial database records, 360 were excluded during title/abstract
screening (primarily for lacking AR components, radiation focus, or training applications)
and 4 during full-text assessment (all for lacking sensor integration). The findings reveal
that AR-based ionizing radiation visualization has been successfully implemented across
diverse domains, including nuclear facility operations, medical procedures, CERN research
activities, and educational and monitoring applications. The analysis identified multiple
dimensions of impact, encompassing distinct benefits, emerging opportunities, and im-
plementation challenges associated with AR deployment for ionizing radiation training.
Each of these dimensions is comprehensively examined and documented within this re-
view. Additionally, this study identifies critical research gaps that currently limit the full
potential of AR technology in supporting ionizing radiation training programs. These gaps
are systematically analyzed and discussed to establish clear directions for future research
endeavors in this emerging field.

Keywords: augmented reality; sensor; virtual training; ionizing radiation; radiation
safety; visualization

1. Introduction

Radiation safety has emerged as an increasingly critical concern in current society,
given the rising levels of man-made radiation exposure that includes both non-ionizing and
ionizing radiation (IR) that individuals encounter in their daily lives [1]. The International
Atomic Energy Agency (IAEA) distinguishes between these radiation types, noting that
while non-ionizing radiation from sources such as microwaves and mobile devices poses
no established health risk, exposure to IR presents significant health concerns, whether
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through single high-dose exposure or cumulative low-dose exposure over extended peri-
ods [2]. Various commercial, industrial, and medical applications generate IR, ranging from
tanning facilities and nuclear power installations to diagnostic medical X-ray procedures [3].
Consequently, comprehensive radiation safety education and training has become essential,
particularly given that inadequate monitoring practices have resulted in insufficient general
awareness and understanding of radiation safety principles [4,5]. Virtual training environ-
ments enhanced with immersive technologies, particularly augmented reality (AR), offer a
convincing solution by facilitating realistic simulations that optimize training effectiveness
while minimizing actual IR exposure risks for trainees [6].

The widespread presence of IR in modern environments stems directly from techno-
logical progress in medical and energy sectors. Since humans lack any natural physiological
mechanism for detecting IR, which exists entirely beyond the visible electromagnetic spec-
trum, technological solutions become essential. AR technology addresses this limitation
by overlaying digital information onto real-world visual perception, thereby enabling IR
visualization for healthcare applications, training scenarios, and educational contexts [7].
While conventional IR visualization methods depend on approximate interpolation and
basic mathematical computations performed on-site, AR technology provides an immersive
platform for real-time radiation dose monitoring, estimation, and visualization, while si-
multaneously presenting additional contextual information [8]. Demonstrating educational
applications, Schiano Lo Moriello et al. [9] created an AR-based educational application
that allows students to safely interact with simulated radioactive materials. Moreover, AR
technology demonstrates superior accuracy and precision compared to unaided human
observations [9]. AR applications have achieved millimeter-level precision with accuracy
rates reaching 95%, proving particularly valuable for critical medical procedures [10].

While AR technology facilitates radiation distribution visualization, effective IR mon-
itoring necessitates appropriate sensor systems. Various sensor technologies, including
Geiger—Miiller counters, enable detection and measurement of radiation from radioactive
sources [11]. Contemporary IR monitoring solutions encompass mobile detection units,
wireless sensor networks, and unmanned aerial vehicle (UAV) platforms [11]. Addressing
industrial applications, Tran-Quang and Dao-Viet [12] developed the Internet of Radiation
Sensor System, integrating multiple wireless mobile and stationary sensors to identify
radioactive materials in waste recycling and metal processing facilities. UAV-based moni-
toring systems have gained considerable traction due to their cost-effectiveness and ability
to operate without direct human presence [13]. Lee and Kim [14] evaluated various UAV
sensor configurations for radiological surveillance missions and introduced a novel figure
of merit to assist researchers in selecting optimal systems for aerial radiation surveys.

The integration of AR visualization and sensor technologies presents substantial op-
portunities for advancing virtual training in radiation safety, particularly for monitoring
procedures. The combined application of these technologies in IR-focused virtual training
has gathered increasing attention within the research community. As AR implementation
continues to expand across various training and educational domains, we observe grow-
ing momentum toward adopting AR for IR-related training and educational programs.
Consequently, researchers would benefit significantly from a comprehensive understand-
ing of current developments in this field, motivating this study’s focus on analyzing and
synthesizing existing research and identifying future research trajectories.

While virtual reality (VR) has indeed been explored for radiation safety training, AR
presents fundamentally different capabilities that warrant separate investigation [15]. VR
creates fully immersive, synthetic environments where users train in simulated scenarios
completely removed from actual radiation sources. In contrast, AR overlays digital infor-
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mation onto real-world environments, enabling in-situ training and real-time operational
support that VR cannot provide. The distinction is critical for several reasons:

1.  Operational Context Preservation: Unlike VR, AR allows trainees to maintain visual
and spatial awareness of their actual work environment. When training for radiation
safety in nuclear facilities or medical settings, understanding the specific spatial
configurations, equipment placement, and environmental constraints is essential. VR
training, while valuable for initial familiarization, cannot replicate the complexity of
real operational environments.

2. Real-time Sensor Integration: AR uniquely enables live radiation sensor data to
be visualized in the actual space where radiation exists. While VR can simulate
radiation fields, AR can display actual, real-time radiation measurements overlaid on
the physical environment. This capability transforms AR from a training tool into an
operational safety system.

3. Transitional Training: AR bridges the gap between simulated VR training and real-
world operations. Trainees can progress from VR simulations to AR-guided practice
with actual (low-level) radiation sources, providing a scaffolded learning experience
impossible with VR alone.

4.  Simultaneous Operation and Training: Medical professionals and nuclear facility
operators often cannot leave their work environment for VR training. AR enables
“training while doing”—providing guidance and safety information during actual
procedures rather than requiring separate training sessions.

Furthermore, the 2011-2021 period saw dramatic advances in AR-specific technologies
(mobile AR [16], HoloLens [17], and ARCore/ARKit) that fundamentally changed imple-
mentation possibilities. These developments, irrelevant to VR, necessitate focused analysis.

To our knowledge, no comprehensive systematic review has examined the intersection
of AR technology and sensor systems specifically for IR safety training. While previous
reviews have explored AR in medical training [18] or radiation detection technologies
independently [19], the convergence of these technologies for training applications remains
unexamined. This gap is particularly significant given the rapid advancement in both
AR capabilities and sensor miniaturization between 2011-2021, a period marked by the
widespread adoption of mobile AR platforms and IoT-enabled radiation sensors. This
review addresses this critical gap by providing the first systematic analysis of how these
converging technologies enhance radiation safety training effectiveness.

Although augmented reality has been reviewed in broader medical and surgical ed-
ucation contexts, existing reviews generally address AR or AR/ VR together, emphasize
educational use cases across diverse specialties, or focus on clinical training rather than
ionizing radiation safety training with sensor-integrated AR systems [6,18,20-22]. For ex-
ample, previous reviews have focused on AR-assisted surgical guidance and procedural
simulation without analyzing radiation sensor integration architectures or data pipelines
for safety training contexts. Similarly, broader AR-in-education reviews synthesize ped-
agogical outcomes but do not examine sensing modality, spatial registration, or system
architecture in radiation-specific environments. In contrast, the present review applies
narrower eligibility criteria that require the combined use of AR visualization and radiation
sensor data within ionizing radiation training or educational contexts. This focus allows
us to compare not only training applications, but also implementation architecture, sensor
selection, data transmission strategies, and domain-specific deployment constraints that
are not typically synthesized in prior AR education reviews.

This systematic review encompasses peer-reviewed articles that explicitly combine
AR visualization with radiation sensor data for training or educational purposes. Included
studies must demonstrate: (1) use of AR technology for visualization, (2) integration with
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radiation detection sensors, and (3) application to training or educational contexts. Ex-
cluded from this review are studies focusing solely on AR without sensor integration, pure
visualization without training components, or theoretical proposals without implemen-
tation. This review considers all types of AR devices (head-mounted displays, mobile
devices, and projection-based systems) and radiation regardless of geographical origin,
though it is limited to English-language publications. Although published literature on
this specific topic remains relatively limited, this study provides a systematic review of
available research identified through comprehensive database searches, examining AR
applications that utilize sensor data to develop and enhance professional training programs.
The investigation primarily emphasizes IR safety applications and the potential of AR to
improve IR-related safety protocols.

This review makes several key contributions to the field: it (1) provides the first com-
prehensive synthesis of AR-sensor integration for IR training across multiple domains,
(2) develops a novel categorization framework for classifying implementation approaches,
(3) identifies critical technological and pedagogical gaps hindering widespread adoption,
and (4) establishes a research agenda for advancing the field. The review follows PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, employ-
ing a systematic search strategy across four major databases, rigorous inclusion/exclusion
criteria, and qualitative synthesis methods to analyze the selected studies. These contri-
butions are realized through a structured extraction schema and a comparative synthesis
applied consistently across the included studies, as described in Sections 2.4-2.6 and
reported in Section 3.

This review examines how augmented reality systems integrate radiation sens-
ing to support ionizing radiation safety training. To move beyond study description
and toward comparable design and implementation insight, we address the following
research questions.

e What end-to-end implementation approaches are used for augmented reality and
sensor integration in ionizing radiation safety training, including platform choice,
spatial registration, sensing modality, and radiation information representation?

¢  What system architectures and data pipelines recur across implementations, and what
trade-offs are reported regarding latency, reliability, and deployment constraints?

*  How are training objectives and evaluation approaches operationalized, and what evi-
dence is reported regarding usability, learning outcomes, task performance, or safety-
related proxy measures?

¢  What technical factors, human factors, and evaluation gaps limit adoption and compa-
rability, and what recommendations follow directly from these gaps?

The remainder of the paper is organized as follows. Section 2 describes the system-
atic review methodology, including search strategy, inclusion criteria, extraction schema,
and synthesis approach. Section 3 reports the results and cross-study comparative syn-
thesis. Section 4 discusses implications, limitations, and recommendations, and Section 5
concludes the paper.

2. Methods

This systematic review adheres to the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) 2020 guidelines. The PRISMA statement, initially
developed in 2009 through collaboration among 29 review authors, methodologists, con-
sumers, and interdisciplinary experts, was created to enhance the quality and transparency
of systematic review reporting [23]. Following significant methodological advancements
and terminological evolution over the subsequent decade, the PRISMA 2020 guidelines
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were established to supersede the previous version, providing updated reporting standards
that reflect contemporary best practices in systematic review methodology [24].

2.1. Eligibility Criteria and Search Strategy

The systematic literature selection process, illustrated in Figure 1, was executed
through three sequential phases: Identification, Screening, and Included. The review
considered all peer-reviewed journal articles, conference proceedings, and academic theses
that documented existing state-of-the-art applications combining AR and sensor technolo-
gies for radiation safety purposes.

Four primary academic databases were systematically searched to ensure compre-
hensive coverage of relevant literature: Google Scholar, Web of Science, IEEE Xplore,
and Scopus. These databases were selected based on their extensive coverage of interdisci-
plinary research spanning technology, engineering, medical physics, and safety training
domains, thereby capturing the vast majority of publications relevant to this review.

7T

The search strategy employed four core keywords: “augmented reality,” “ionizing

” o

radiation,” “sensor,” and “training.” This keyword combination was strategically selected
to align with the research objectives of examining AR-based training systems specifically
designed for IR safety protocols. Boolean operators were used to create systematic search
strings combining these terms across all databases. Publications were required to satisfy

the following inclusion criteria:

1.  Published in the English language

2. Publication date between 2011 and 2021 (representing a 10-year period of technological
advancement in AR and sensor technologies)

3. Explicit focus on AR technology implementation (not virtual reality or mixed
reality alone)

4.  Integration of sensor data for radiation detection or monitoring

5. Clear application to training or educational contexts in IR safety

The review focuses on studies published between 2011 and 2021 to support a consistent
systematic synthesis of a coherent decade of augmented reality and sensor integration work
in ionizing radiation training contexts. The systematic searches were executed between
May and August 2022. We therefore used 2021 as the final publication year to reduce partial
coverage associated with indexing delays and incomplete database updates for very recent
publications across platforms. Extending the window beyond 2021 would require repeating
screening, full text retrieval, extraction, and synthesis to preserve systematic completeness.
We acknowledge the importance of post 2021 work and treat it as a clear direction for a
future update, while maintaining a reproducible dataset for the present analysis.

Articles failing to meet these criteria were systematically excluded from the review.
Specifically, publications focusing exclusively on virtual reality technology without AR
components were excluded, as were studies utilizing AR or sensor technologies for applica-
tions unrelated to training purposes or outside the domain of radiation safety. Additionally,
purely theoretical proposals without implementation or validation were excluded to main-
tain focus on demonstrated applications.
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Figure 1. Flowchart of the article selection process based on inclusion/exclusion criteria.

2.2. Search Strategy Details

The systematic search was conducted between May and August 2022 by two indepen-
dent reviewers (JD, XY). The search strategy was developed iteratively through preliminary
searches. The selected keywords were derived from the main concepts of the review ques-
tion and were further informed by representative literature in augmented reality training
and education [6,18,22], radiation-related AR applications [8,9,21,25], and radiation sensing
and monitoring systems [14,26-28]. This literature supported the inclusion of related terms
and synonyms within each concept group, such as AR, augmented visualization, detector,
dosimeter, monitoring, training, and education, in order to improve search sensitivity while
preserving relevance to the scope of the review. The following search string was adapted for
each database based on their specific syntax requirements: ((“augmented reality” OR “AR”
OR “augmented visualization”) AND (“ionizing radiation” OR “radiation” OR “radioac-
tive” OR “nuclear radiation”) AND (“sensor*” OR “detector*” OR “dosimeter*”) AND
(“training” OR “education” OR “simulation” OR “virtual training”)) Database-specific
filters were applied where available: publication year (2011-2021), document type (journal
articles, conference papers, dissertations/theses), and language (English only).

In addition to systematic database searching, supplementary search methods were
employed to identify relevant literature not captured by database indexing:

e  (itation searching: Reference lists of all studies meeting initial screening criteria were
manually examined to identify additional relevant publications.

e  Forward citation tracking: Key publications identified early in the review process
were tracked using Google Scholar to identify citing papers.

*  Author contact: Authors of conference abstracts lacking full publications were con-
tacted via email to request full papers or additional information.

2.3. Study Selection Process

Two independent reviewers conducted the screening process in three stages. First,
titles and abstracts were screened for relevance. Second, full-text articles were assessed
against the inclusion criteria. Third, data extraction was performed on included studies.
A pilot screening of randomly selected articles was conducted to ensure consistency.

https:/ /doi.org/10.3390/£i18030161
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To improve consistency, the pilot screening explicitly focused on borderline cases that
commonly create ambiguity in this topic area. These included distinguishing AR from
VR-only implementations, separating operational monitoring systems from training or
education-focused systems, and distinguishing simulated radiation visualization from
implementations that integrate sensor-derived measurements. Decision rules developed
during the pilot were applied throughout screening to reduce subjective judgments and to
ensure that inclusion and exclusion criteria were applied consistently across records.

When uncertainty arose during title/abstract or full-text screening, the record was
flagged for discussion and resolved by consensus among the authors. For full-text assess-
ment, exclusions were documented with an explicit reason mapped to the operationalized
exclusion criteria (Section Operationalized Exclusion Criteria). These reasons are summa-
rized in the PRISMA flow diagram (Figure 1) and the search results summary (Section 2.8).

Operationalized Exclusion Criteria

To ensure consistency in screening decisions, exclusion criteria were operationalized
as follows:

No AR component: Studies were excluded if they used only virtual reality (VR), mixed
reality (MR without real-world overlay), traditional 2D visualization, or other display
technologies without augmented reality features. AR was defined as technology that
overlays digital information on real-world environments in real-time, allowing users to see
both physical and virtual elements simultaneously.

No radiation focus: Studies were excluded if they applied AR and sensor technologies
to domains other than ionizing radiation safety, monitoring, or training. This included stud-
ies focused on industrial safety (without radiation), construction safety, medical training
(without radiation exposure), or other application domains.

Not training/education focused: Studies were excluded if they implemented AR-
sensor systems solely for operational monitoring, routine maintenance, inspection, or emer-
gency response purposes without explicit training or educational objectives. Studies needed
to demonstrate clear application to skill development, knowledge transfer, or prepared-
ness training.

Wrong radiation type: Studies were excluded if they focused on non-ionizing radiation
(electromagnetic fields, radio frequency, microwave, infrared, ultraviolet) rather than ioniz-
ing radiation (alpha, beta, gamma, X-ray, neutron). The distinction is critical as non-ionizing
radiation presents fundamentally different safety challenges and detection requirements.

Not in English: Publications in languages other than English were excluded due to
resource constraints for professional translation and verification of technical content. While
this limitation may have excluded relevant research from non-English-speaking countries,
pragmatic constraints necessitated this restriction.

Other reasons: This category included purely theoretical or conceptual proposals
without implementation or validation evidence, editorials, commentaries, letters, opinion
pieces, and records with insufficient information to determine eligibility despite attempts
to obtain additional details.

2.4. Data Extraction

A standardized extraction form was used to ensure consistent capture of study context,
implementation details, training design, and evaluation outcomes across the included
literature. To improve clarity and reproducibility, the extraction variables were operational-
ized and are summarized in Table 1, along with their purpose in supporting the research
questions and comparative synthesis.
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Table 1. Data extraction schema used in this systematic review.

Category

Extracted Variables

Operational Definition and Purpose

Study characteristics

AR platform and registration

Sensing and radiation model

System architecture and integration

Visualization and interaction

Training design

Evaluation and outcomes

Authors, year, article type, venue,
application domain

AR device type, display modality,
tracking and registration approach

Sensor modality, measured quantity,
sampling context, radiation
representation model

Integration approach, compute
location, data transmission,
synchronization characteristics

Visualization metaphor, interaction
mode, procedural or path guidance

Training objectives, scenario type,
duration, learner role

Study design, metrics, user
evaluation instruments, reported
benefits and limitations

Bibliographic metadata and domain
context used to stratify synthesis by
time period, publication type,

and application setting.

Device class (head mounted display,
mobile or tablet, projection or screen
based AR), display modality when
reported, tracking method (marker
based, SLAM based, external
tracking, hybrid), and whether
sensor data are spatially registered to
the AR coordinate frame.

Sensor class (for example Geiger
Miiller, scintillation detector, gamma
camera, hybrid pixel detector, radon
sensor), what is measured (count rate,
dose rate, field estimate), and how it
is represented (point overlay, two
dimensional map, three dimensional
volume, simulated field).

Whether processing is on device,
edge or tethered, or distributed,

and how data are transmitted (wired,
Wi Fi, Bluetooth, other), including
latency and synchronization details
when reported.

Visual encoding (numeric overlays,
glyphs, heatmaps, contours,
volumetric rendering), interaction
(passive viewing, exploration, task
guidance), and any procedural
guidance or route planning overlays.
Training goals (awareness,
procedural compliance, emergency
response), context (in situ vs.
simulated), scenario characteristics
and intended learner role.
Evaluation methods (usability, task
performance, learning outcomes),
metrics and instruments (for example
SUS, NASA TLX, task error rates),
and reported advantages, challenges,
and deployment barriers.

2.5. Quality Assessment

Given the heterogeneous nature of included studies (technical implementation reports,
case studies, system evaluations), formal risk of bias assessment tools designed for clinical
trials (e.g., Cochrane Risk of Bias tool) or observational studies (e.g., Newcastle-Ottawa
Scale) were not applicable. Instead, we assessed study quality using criteria adapted from
the Mixed Methods Appraisal Tool (MMAT) and supplemented with criteria specific to
technical implementation studies:

*  (lear research objectives: Are the study’s aims and research questions clearly stated?
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¢ Appropriate methodology for objectives: Are the chosen methods suitable for address-
ing the research objectives?

*  Complete reporting of technical specifications: Are hardware, software, sensors, and
system architecture adequately described to enable understanding and potential
replication?

¢ Valid evaluation methods: If the system was evaluated, were appropriate methods
used (user testing, accuracy assessment, etc.)?

¢ Consideration of limitations: Do authors acknowledge technical, methodological,
or practical limitations of their work?

Each included study was assessed against these five criteria by one reviewer, with each
criterion scored as “Yes” (criterion met), “Partial” (criterion partially met), or “No” (criterion
not met). Studies were not excluded based on quality assessment scores; rather, quality
assessment informed the interpretation of findings and identification of methodological
limitations in the field. Results of quality assessment are presented in Section 3.5.

2.6. Data Synthesis

Because the included studies are heterogeneous in application domain and reporting
style, we used a narrative synthesis approach informed by Popay et al. [29]. The synthesis
was structured around a comparative framework derived from the extraction schema.

First, an initial descriptive synthesis was developed for each study using the extraction
form. Second, studies were coded into a concept matrix using shared implementation di-
mensions that enable comparison across domains. These dimensions included augmented
reality platform type, spatial registration approach, sensor modality, radiation information
representation, integration architecture, visualization approach, training objective, and eval-
uation method. Third, cross-study patterns were identified by examining co occurrence
of coded attributes, with the goal of identifying dominant integration approaches and
recurring architectural strategies. Finally, relationships between implementation choices
and reported limitations were summarized to support the gap analysis and evidence linked
recommendations in Section 4.7.

2.7. Protocol Registration and Deviations

This systematic review protocol was developed and finalized before initiating the
literature search in May 2022. The protocol was not prospectively registered in an interna-
tional registry as registration is not required for non-clinical systematic reviews. However,
a detailed protocol document was created and approved by all authors before data collec-
tion began.

During the review process, no substantive deviations from the initial protocol occurred.
Minor refinements to the operationalization of exclusion criteria were made during the
pilot screening phase to ensure consistent application, but these refinements did not change
the fundamental inclusion/exclusion criteria established in the protocol.

2.8. Search Results Summary

The systematic literature search and selection process is illustrated in the PRISMA 2020
flow diagram (Figure 1). Database searching across four platforms identified 404 records:
Google Scholar (n =295, 73.0%), IEEE Xplore (n = 87, 21.5%), Scopus (n = 22, 5.4%), and Web
of Science (n = 0, 0%), reflecting limited indexing coverage of this emerging topic area.
The absence of results from Web of Science reflects the database’s limited coverage of
emerging AR applications in radiation safety, which has primarily appeared in specialized
conferences and newer journals not yet indexed in Web of Science.
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Supplementary search methods (citation searching, reference list examination, author
contact) yielded no additional records (n = 0), suggesting that the systematic database search
achieved comprehensive coverage of available published literature in this emerging field.

After removing 17 duplicate records (4.2% of initial records), 387 unique records
underwent title and abstract screening. During this screening phase, 360 records (93.0%)
were excluded based on predefined criteria: absence of AR technology component, no focus
on ionizing radiation, lack of training/educational application, wrong radiation type, non-
English language, or other reasons. The remaining 27 reports (7.0% of screened records)
were sought for full-text retrieval. All 27 full-text articles were successfully obtained
through institutional subscriptions, direct database access, or open-access repositories
(n = 0 not retrieved).

Full-text assessment against detailed eligibility criteria resulted in the exclusion of
4 reports (14.8% of full-text assessed). All four exclusions were due to absence of sensor
integration for radiation detection (n = 4, 100%). These studies implemented AR systems
for radiation safety training but relied on simulated or fictional radiation data rather than
actual sensor measurements, thus failing to meet the fundamental inclusion criterion of
AR-sensor integration.

The final systematic review included 23 studies represented by 23 publications that
met all inclusion criteria. These 23 studies form the basis of the analysis presented in the
Results and Discussion sections.

2.9. Limitations of Search Strategy

Several limitations should be acknowledged. First, restriction to English-language
publications may have excluded relevant research from countries with significant nuclear
industries. Second, the rapidly evolving nature of AR technology means relevant studies
published after August 2021 are not included. Third, grey literature such as technical re-
ports from nuclear agencies or AR companies was not systematically searched, potentially
missing practical implementations not reported in academic venues. Finally, the inter-
disciplinary nature of this topic may have resulted in relevant studies indexed under
terminology not captured by our search strings.

3. Results

The following sections present a comprehensive analysis of AR and sensor integration
for radiation safety training based on the 23 selected studies. Section 3.1 examines the
demographic characteristics and publication trends of the reviewed literature. Section 3.2
categorizes applications across four primary domains: nuclear facilities, medical operations,
CERN, and educational/monitoring contexts. Technical aspects are explored in Section 3.3,
which details sensor technologies employed for radiation detection, data collection, trans-
mission protocols, and AR visualization approaches.

3.1. Article Demographics

Analysis of the 23 studies included in this review reveals distinct patterns in publi-
cation trends and article types. Examining the temporal distribution across the decade-
long study period (2011-2021), we observe a notable upward trajectory beginning in
2016, as illustrated in Figure 2. The initial years showed minimal activity, with only scat-
tered publications appearing before 2014. A marked increase occurred from 2016 onward,
with publication frequency reaching its peak in 2021 (n = 6). This growth pattern suggests
increasing recognition of AR’s potential for radiation safety applications.

The corpus comprised predominantly peer-reviewed journal articles (n = 12, 52%),
followed by reports and reviews (n = 5, 22%), conference proceedings (n = 3, 13%), and doc-
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toral theses (n = 3, 13%), as shown in Figure 3. This distribution indicates that while journal
publications dominate, the field benefits from diverse publication venues that capture both
theoretical advances and practical implementations.

Related Articles By Year

= . ™

Article Count
LFS]

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year

Figure 2. Overall trend of related articles published by year.

Related Articles Type

® Journal ® Conference ™ Report/Review  » Thesis

Figure 3. Types of related articles.

3.2. Application Domain

Among the reviewed studies, 16 explicitly demonstrated functional AR-sensor inte-
gration for radiation visualization. These implementations span four distinct application
domains: nuclear facilities (n = 4), medical operations (n = 4), CERN research infrastructure
(n = 4), and educational/monitoring applications (n = 3). Each domain presents unique
requirements and challenges that shape the technological approaches adopted.

3.2.1. Nuclear Facility Applications

Nuclear facilities demand robust radiation monitoring systems to maintain operational
safety and protect personnel. Paradiso [30] developed an innovative workflow integrating
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radioactive hotspot positioning data with portable iPIX gamma cameras, enabling real-
time 3D volumetric visualization of radiation fields. This system represents a significant
advancement over traditional 2D monitoring approaches. Building on similar principles,
Bird et al. [31] created an autonomous ground-based robotic platform equipped with
2D LiDAR, thermo-radiation sensors, and AR visualization capabilities for hazardous
environment surveillance.

Remote operations have emerged as a critical application area. Salman et al. [32]
developed a sophisticated telerobot system for nuclear facility decontamination, incorpo-
rating semi-intelligent robotics with AR-enhanced operator interfaces. Their approach,
detailed in Marques [27], leverages a state-of-the-art mobile detection platform integrat-
ing multiple radiation sensors to identify and map contamination in nuclear emergency
scenarios. These systems demonstrate how AR can transform traditional radiation moni-
toring from abstract numerical readings into intuitive spatial visualizations that enhance
operational decision-making.

3.2.2. Medical Operations

Medical environments present unique challenges for radiation safety, requiring precise
visualization while maintaining clinical workflow efficiency. The integration of X-ray
imaging with AR visualization has shown particular promise for reducing unnecessary
radiation exposure to both patients and medical personnel. Loy Rodas et al. [25] pioneered
a system enabling real-time visualization of X-ray propagation patterns during medical
procedures, providing clinicians with immediate spatial awareness of radiation fields.

Flexman et al. [8] advanced this concept by developing a comprehensive monitoring
system for catheterization laboratories. Their wearable AR interface displays real-time
radiation dosimetry data, allowing interventional radiologists to optimize their positioning
and minimize exposure. Similarly, Cami et al. [33] focused on X-ray device positioning
optimization, demonstrating how AR guidance can reduce both patient and staff radiation
doses. In a different application, Nowak et al. [28] used a Timepix3 hybrid pixel detector to
monitor IR in an intervention radiology room. Complementing these clinical applications,
Sato and Kamimura [34] developed a user-friendly electromagnetic field visualization
tool, proving that simplified AR interfaces can effectively communicate complex radiation
distribution patterns to non-specialist users.

3.2.3. CERN Applications

The European Organization for Nuclear Research (CERN) operates some of the world’s
most complex particle physics facilities, presenting exceptional radiation monitoring chal-
lenges. CERN'’s involvement in AR-radiation visualization research reflects the critical
importance of advanced safety systems in high-energy physics environments. Fabry [35]
initiated CERN’s exploration of AR technologies through the Virtualization ToolKit, de-
veloping augmented reality systems and telerobotic platforms specifically designed for
interventions in high-radiation areas.

This foundational work evolved into more sophisticated implementations.
Adamidi et al. [36] presented a comprehensive architecture for immersive radiation vi-
sualization within CERN’s ATLAS detector cavern. Their system addresses the unique
challenge of visualizing radiation fields in complex, three-dimensional underground spaces
where traditional monitoring approaches prove inadequate. Wireless sensor networks
emerged as a crucial enabling technology, as demonstrated by Parasuraman et al. [37],
who developed a robust stochastic optimization framework for multi-sensor radio signal
enhancement in CERN’s challenging electromagnetic environment.
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The culmination of CERN’s AR research efforts is exemplified by their integrated
safety platform, which achieved success rates exceeding 80% in recent operational trials.
Adamidi et al. [38] documented how this comprehensive system provides real-time radi-
ation guidance under extreme conditions, utilizing advanced gamma radiation cameras
coupled with sophisticated AR visualization algorithms.

3.2.4. Educational and Monitoring Applications

Educational implementations represent a growing application area, addressing the
critical need for effective radiation safety training without exposure risks. Two distinct
methodological approaches emerged from the reviewed studies. They utilized affordable
sensors with mobile AR platforms to create accessible training environments for radiation
awareness. In contrast, Keller et al. [39] developed a sophisticated prototype integrating
iPad devices with pixelated silicon sensors, enabling students to visualize and interact with
simulated radioactive particles.

The educational applications reviewed demonstrate innovation in making abstract
radiation concepts tangible. A 2019 study utilized smartphone and tablet-based AR to
enable direct interaction with virtual radioactive sources via portable diode-based sensors.
This approach proved especially effective for conveying fundamental radiation physics
principles while maintaining complete safety. The integration of consumer-grade devices
with professional-grade sensors, as documented by the Internet of Things (IoT) imple-
mentation in Blanco-Novoa et al.’s study [40], suggests promising directions for scalable
educational deployments.

3.3. Data
3.3.1. Data Collection

Sensor selection emerged as a critical factor determining system capabilities and
application suitability (see Figure 4). The reviewed studies employed diverse radiation
detection technologies, each offering distinct advantages for specific use cases. Geiger—
Miiller detectors represented the most common choice (n = 3), valued for their reliability,
cost-effectiveness, and straightforward integration with digital systems. Silicon-based
sensors with Timepix readout chips appeared in two studies, offering superior spatial
resolution essential for precise radiation field mapping. RGB-D cameras (n = 5) and gamma
cameras (n = 3) provided complementary imaging capabilities, while LIDAR sensors and
thermal infrared detectors (n = 1 each) enabled multi-modal environmental sensing.

Platform diversity characterized the implementation approaches. Vetter [41] pio-
neered mobile detection systems, demonstrating how different sensor configurations suit
varying operational requirements. Stationary monitoring networks provide continuous
coverage but lack flexibility, while mobile platforms offer adaptability at the cost of tempo-
ral coverage gaps. Lee and Kim [14] conducted comparative evaluations of drone-based
radiation sensing platforms, establishing performance metrics for aerial survey optimiza-
tion. Their analysis revealed that optimal sensor selection depends critically on mission
parameters—Geiger—Miiller counters excel for rapid area surveys, while scintillation detec-
tors provide superior spectral information despite increased system complexity. The emer-
gence of hybrid approaches, combining DJI Inspire drones with DJI Mavic platforms as
demonstrated by Molnar et al. [13], illustrates how complementary sensor systems can
address the limitations of single-platform solutions.
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Sensors Used in the Reviewed Studies
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Figure 4. Sensors used in the reviewed articles.

3.3.2. Data Transmission

Wireless communication technologies dominate the data transmission landscape in
reviewed implementations, reflecting the need for flexible, real-time information flow. IoT
protocols, particularly Wi-Fi and Bluetooth variants, appeared in most applications [11].
This wireless infrastructure enables seamless integration between distributed sensors
and centralized processing systems, crucial for maintaining situational awareness across
extended operational areas.

Adamidi et al. [36] exemplified advanced architectural design by implementing a
hierarchical control system integrating real-time sensor data acquisition with cloud-based
processing and visualization pipelines. Their approach addresses the challenging balance
between local responsiveness and centralized coordination. Parasuraman et al. [37] tackled
wireless reliability in electromagnetically noisy environments through innovative tethering
systems, demonstrating how hybrid wired—wireless architectures can ensure robust com-
munication when purely wireless solutions prove inadequate. The six reviewed studies
utilizing Monte Carlo methods for radiation-level simulation underscore the computational
demands these systems place on data transmission infrastructure.

3.4. Systems
AR Systems

The maturation of AR hardware has enabled increasingly sophisticated radiation
visualization implementations. While early systems relied primarily on desktop displays
and basic overlays, contemporary implementations leverage advanced head-mounted
displays and mobile platforms. Microsoft HoloLens emerged as a preferred platform in
recent studies [42]. These devices offer computational power and display quality necessary
for rendering complex radiation field visualizations in real-time. Costantino et al. [43]
articulated the fundamental challenge facing AR system designers: balancing visualization
fidelity with user safety. Their analysis revealed that effective AR implementations must
navigate competing demands for information density, visual clarity, and operational safety.
The evolution from simple numerical displays to sophisticated volumetric renderings
reflects both technological advancement and deepening understanding of human factors in
high-risk environments.

3.5. Quality Assessment Results

All 23 included studies were assessed for quality using criteria adapted from the
Mixed Methods Appraisal Tool (Version 2018). Assessment focused on five key dimensions:
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clarity of research objectives, appropriateness of methodology, completeness of technical
specifications, validity of evaluation methods, and consideration of limitations.

Overall, the included studies demonstrated adequate quality. All 23 studies (100%)
clearly stated their research objectives and the problems they aimed to address. The ma-
jority employed appropriate methodologies and provided sufficient technical detail for
understanding system implementation. Most studies that included evaluation components
used valid assessment methods, though four studies lacked rigorous evaluation or used
methods with significant limitations.

Quality patterns varied across time periods and domains. Earlier publications
(2011-2015) emphasized technical feasibility with less systematic evaluation, while re-
cent studies (2016-2021) demonstrated improved methodological rigor including user
testing and validation protocols. Studies from research institutions (CERN, national lab-
oratories) generally provided more comprehensive technical specifications compared to
conference papers. Medical applications consistently demonstrated stronger evaluation
methodologies, reflecting established evidence-based practice traditions in healthcare.

No studies were excluded based on quality scores. However, quality variations were
considered when interpreting findings, with particular caution applied to studies lacking
rigorous evaluation or complete technical documentation.

3.6. Cross-Study Comparative Synthesis Using the Concept Matrix

To move beyond sequential description of individual studies, we coded each included
publication using the comparative dimensions defined in Section 2.6 and compiled the
results into a concept matrix. Table 2 reports the coded attributes for all included studies,
enabling cross-study comparison of recurring integration approaches, architectural patterns,
and evaluation practices across application domains.

Sections 3.1-3.4 describe the literature by demographics, application domain, and tech-
nical themes. This subsection provides a cross-study comparison using the concept matrix
derived from the extraction schema and synthesis framework in Section 2.6. Table 2 re-
ports the coded attributes for each included study and enables identification of dominant
integration patterns across the corpus.

Across the reviewed studies, four recurring integration patterns are observed.

First, several systems emphasize direct overlay of point measurements, where ra-
diation readings are presented as numeric values or simple indicators anchored to the
user view or to the measurement location. These systems prioritize simplicity and real
time feedback, but they provide limited representation of spatial gradients unless multiple
samples are fused [8,40].

Second, a set of systems emphasizes radiation field mapping, where multiple measure-
ments, imaging sensors, or repeated sampling are combined into two dimensional or three
dimensional representations such as heatmaps, contours, or volumetric renderings. These
approaches rely more strongly on spatial registration and introduce modeling assumptions,
but they better support spatial understanding of exposure conditions.

Third, a set of systems integrates radiation information into procedural or task-aware
augmented reality guidance. In these studies, visualization is coupled with workflow
support, step guidance, or contextual cues intended to influence operator behavior during
procedures or training scenarios. This pattern is most sensitive to human factor constraints
such as information prioritization and cognitive load.
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Table 2. Concept matrix for the included studies. AR platform entries summarize the primary user-facing AR interface reported in each study (e.g., wearable

head-mounted display, mobile/tablet AR, projection AR, or robotic/teleoperation interface). NR indicates that the AR platform was not reported with sufficient

specificity in the source publication.

Study Year Venue Type Domain AR Platform Sensor Modality Radiation Representation Architecture
Fabry [35] 2014 Academic Dissertation/Thesis Thesis CERN Wearable/HMD NR NR NR
Parasuraman et al. [37] 2014 Sensors Journal CERN Wearable/HMD NR NR NR
Loy Rodas et al. 2016 ;i];?nzzar?;gcnom on Biomedical Journal Medical operations Mobile/tablet X-ray imaging/dosimetry Propagation or field overlay Standalone mobile
Keller et al. [39] 2016 Journal of Instrumentation Journal Education/monitoring Tablet (iPad) Pixelated silicon sensor gfert;cle or field visualization Standalone mobile
Adamidi et al. [36] 2016 HNPS Advances in Nuclear Physics Journal CERN NR NR NR NR
Paradiso [30] 2017 Academic Dissertation/Thesis Thesis Nuclear facilities NR Gamma camera (iPIX) Volumetric field visualization NR
Flexman et al. [8] 2017 ACM SIGGRAPH 2017 Posters Conference Medical operations Wearable AR (NR device) Wearable dosimetry Point overlay NR
Loy Rodas [25] 2016 Academic Dissertation/Thesis Thesis Medical operations Mobile/tablet X-ray imaging/dosimetry NR NR
Bird et al. [31] 2018 %\]/E[f;alz{i(;beoms & Automation Journal Nuclear facilities Robot/remote interface LiDAR + radiation sensors Field mapping (NR) Remote/robotic
Blanco-Novoa et al. [40] 2018 Sensors Journal Education/monitoring Mobile/ToT Radon sensor (IoT) Point measurement Distributed /IoT
Salehahmadi & . . .
Hajialiasgari [20] 2019 World Journal of Plastic Surgery Journal Medical operations N/A (survey) N/A N/A N/A
Oliver Keller et al. [26] 2019 Sensors Journal Education/monitoring Mobile/tablet FNOE; ble radiation sensors NR Standalone mobile
Lee & Kim [14] 2019 J ourh al O.f Erwlronmer\tal Journal Monitoring/remote ops NR Drope radiation sensors Review Review
Radioactivity (review)
Adamidi et al. [38] 2020 IEEE Systems Journal Journal CERN NR NR NR NR
Nowak et al. [28] 2020 Scientific Reports Journal Medical operations NR (P"ll"iln}iggf )1xe1 detector Field visualization (NR) NR
2020 International Symposium on Electromaenetic field
Sato & Kamimura [34] 2020 Electromagnetic Compatibility (EMC Conference Medical operations NR . 8 Field distribution NR
EUROPE) sensing
Vetter [41] 2020 Ann'ual Rey1ew of Nuclear and Review Cross-domain review Review Mobile detection (review) Review Review
Particle Science
Ahmad et al. [11] 2021 Sensors Journal Monitoring /IoT NR zg‘;l‘"]irea‘il)atlon monitoring Review Review
Costantino et al. [43] 2021 Sustainability (Switzerland) Journal Cross-domain review Review N/A (review) Review Review
Marques et al. [27] 2021 Sensors Journal Monitoring /remote ops Mobile platform ?ﬁﬁﬂ? radiation detectors Field mapping (NR) Mobile/edge (NR)
2021 International Siberian
Jharko et al. [44] 2021 Conference on Control and Conference Nuclear facilities NR NR NR NR
Communications (SIBCON)
Molnar et al. [13] 2021 Sensors Journal Monitoring /remote ops UAV platform %gnvr;\a radiation detector Dose distribution map Remote/UAV
Salman et al. [32] 2021 Intemnational Conference on Radiation Conference Nuclear facilities Teleoperation/robotic Radjiation sensors (multi) NR Remote/robotic
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Fourth, a set of systems relies on distributed or remote sensing, including networked
sensing configurations and robotic or remote platforms. These approaches address envi-
ronments where direct human presence is constrained, but they introduce additional archi-
tecture complexity involving synchronization, reliability, and communication constraints.

This comparative synthesis clarifies that different application domains tend to em-
phasize different patterns because of distinct operational constraints. It also provides the
evidence base used in Section 4 to motivate gaps and recommendations.

4. Discussion

Despite limited published research, the integration of AR and sensor technologies
shows considerable promise for transforming radiation safety training. Our systematic
review of 23 studies published between 2011 and 2021 reveals both the potential and
current limitations of these technologies. Our review reveals that AR—sensor integration for
radiation safety remains in its early stages yet demonstrates sufficient promise to warrant
continued investment and research. The accelerating publication rate since 2016 reflects
growing recognition that traditional radiation safety training and monitoring approaches
have fundamental limitations that AR can address. Technology’s unique ability to visualize
invisible radiation fields in real time, within actual operational contexts, offers advantages
that neither conventional training nor virtual reality can match.

Implementation approaches vary significantly across domains, revealing both AR’s
versatility and the absence of standardized solutions. Nuclear facilities prioritize robustness
and remote operation; medical applications focus on real-time procedural guidance; re-
search institutions like CERN push technical boundaries, and educational implementations
emphasize safe, interactive learning. This variety suggests that effective AR systems must
be tailored to specific operational contexts rather than pursue one-size-fits-all solutions.

4.1. Growing Interest Amid Limited Research

The temporal analysis of publications reveals an interesting paradox. While the ab-
solute number of studies remains modest, the accelerating publication rate, particularly
from 2016 onward, signals growing recognition of AR’s potential in radiation safety ap-
plications. This trend coincides with the commercial release of more sophisticated AR
hardware, particularly Microsoft HoloLens in 2016 and the widespread adoption of RGB-D
cameras. The increasing availability of affordable, high-quality AR devices has clearly
lowered barriers to experimentation in this field.

What makes this growth particularly noteworthy is its occurrence across diverse, tradi-
tionally conservative domains. Nuclear facilities, medical centers, and research institutions
like CERN have historically been cautious about adopting new technologies, given the
high stakes involved in radiation safety. The fact that these institutions are investing in AR
research suggests recognition of fundamental limitations in current training and monitoring
approaches that AR might address. This trend is consistent with the publication trajectory
observed in Section 3.1 and with the shift in platform capability and sensing integration
reported across the included studies in Sections 3.3 and 3.4.

The temporal analysis of publications reveals an interesting pattern. While the absolute
number of studies remains modest, the increase in publications after 2016 suggests growing
recognition of AR’s potential in radiation safety applications. This trend is consistent with
the appearance of more mature AR hardware and software ecosystems and with reported
implementations that moved from conceptual visualization toward integrated operational
and training use cases in medical, nuclear, and research settings [8,26,33,36,38].

What makes this growth particularly notable is its presence across domains that tradi-
tionally adopt new technologies cautiously because of safety and operational requirements.
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The reviewed studies include implementations in nuclear facilities and CERN environ-
ments, where system reliability, environmental constraints, and workflow integration are
critical, as well as medical settings where real-time procedural support and dose awareness
are central concerns [8,25,27,30-32,35,37]. This trend is consistent with the publication
trajectory observed in Section 3.1 and with the shift in platform capability and sensing
integration reported across the included studies in Sections 3.3 and 3.4.

4.2. Domain-Specific Implementation Patterns

Our analysis reveals distinct implementation strategies across the four identified ap-
plication domains, each shaped by unique operational requirements and safety constraints.

*  Nuclear Facilities demonstrate a conservative implementation approach that priori-
tizes robustness, reliability, and remote operation over adoption of new interfaces for
their own sake. The emphasis on robotic platforms, hotspot localization, and workflow-
integrated visualization reflects the hazardous conditions and operational demands of
these environments [27,30-32].

*  Medical Applications show comparatively faster iteration cycles and stronger em-
phasis on real-time procedural guidance and dose awareness during interventions.
The reviewed systems focus on improving immediate spatial understanding and
decision support during clinical procedures while still facing integration constraints
related to clinical workflow and usability [8,25,28,33,34].

¢  CERN Applications represent some of the most technically sophisticated implementa-
tions in the reviewed literature, including immersive visualization, complex sensor
integration, and communication solutions adapted to electromagnetically challeng-
ing environments. These studies illustrate how advanced infrastructure can support
experimentation with novel visualization and control architectures [35-38].

*  Educational and Monitoring Applications illustrate a progression from lower-cost
visualization tools toward more interactive learning systems that combine mobile
AR with sensor-based feedback. These implementations suggest strong potential for
scalable training and awareness applications while also highlighting the need for more
rigorous evaluation in educational settings [9,26,39,40].

4.3. Technical Considerations and Trade-Offs

The diversity of sensor types employed across studies reflects the lack of standardized
approaches to radiation visualization. While Geiger-Miiller counters dominate due to
familiarity and low cost, their limited spatial resolution constrains visualization quality.
More sophisticated sensors like silicon-based detectors with Timepix readouts enable
precise radiation field mapping but at significantly higher costs and complexity.

The choice between mobile and stationary monitoring systems reveals fundamental
tensions between coverage and flexibility. Drone-based systems offer unprecedented access
to hazardous areas but struggle with battery life and payload limitations. Stationary
networks provide continuous monitoring but lack adaptability to changing conditions.
The emergence of hybrid approaches suggests the field is moving toward more nuanced
solutions that leverage multiple platform types.

Data transmission presents another critical challenge. The reliance on wireless tech-
nologies introduces vulnerabilities in electromagnetically noisy environments typical of
nuclear and research facilities. While IoT protocols offer convenience, questions remain
about reliability and security, particularly given the sensitive nature of radiation data.
The innovative tethering systems developed for CERN applications point toward hybrid
wired—-wireless architectures as a pragmatic compromise.
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4.4. AR-VR Complementarity Rather than Competition

This review reveals that AR and VR serve distinct but complementary roles in radiation
safety training.

4.4.1. VR Excels in

*  Initial concept introduction without any radiation exposure;
*  Scenario-based training for rare emergency events;
*  Psychological preparation for high-radiation environments.

4.4.2. However, AR Uniquely Provides

. Real-time operational guidance;

e Insitu visualization of actual radiation fields;

¢  Contextual awareness during live procedures;

¢  Continuous monitoring rather than discrete training events.

The literature suggests an optimal training pipeline:

VR for foundational knowledge — AR for contextual application — AR-assisted operations

This progression leverages each technology’s strengths while mitigating their limitations.

4.5. Human Factors and User Acceptance

Beyond technical specifications, the success of AR systems depends critically on user
acceptance and effective integration with human cognitive processes. The reviewed studies
reveal several key insights about human factors that deserve greater attention.

CERN’s ‘information breathing’ concept addresses a fundamental AR design chal-
lenge: presenting complex data without overwhelming users. Traditional interfaces often
cause information overload, especially in high-stress radiation environments. Dynamic
displays that adapt to context and user attention represent a promising direction, though im-
plementation remains challenging.

Calibrating user trust represents another critical factor. Users must develop appro-
priate confidence in AR visualizations, as neither blind trust nor excessive skepticism
serves safety goals. The studies reporting graduated complexity approaches, where users
progressively build understanding of system capabilities and limitations, offer valuable
models for training design.

The reported development of “radiation intuition” through AR training deserves par-
ticular attention. Unlike abstract numerical displays, spatial AR visualizations apparently
enable users to develop embodied understanding of radiation behavior. This finding has
profound implications for training effectiveness and long-term retention of safety practices.

4.6. Limitations and Challenges

Despite promising results, significant challenges constrain current implementations.
Environmental recognition remains problematic in complex industrial settings where metal-
lic structures and electromagnetic interference degrade tracking accuracy. Virtual content
rendering quality varies considerably across platforms, with many systems struggling to
maintain visual clarity in bright environments typical of medical settings.

Perhaps most concerning is the potential for AR systems to introduce new risks. De-
vice exposure to radiation fields raises questions about long-term reliability and potential
data corruption. The dependency on complex technology for safety-critical information
creates single points of failure that traditional monitoring approaches avoid. Furthermore,
the cognitive load of processing AR information while performing complex procedures
may actually decrease safety in some scenarios. The disconnect between developer exper-
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tise and end-user needs presents another barrier. Many reviewed systems demonstrate
technical sophistication but limited understanding of operational requirements. Success-
ful implementations invariably involved close collaboration between technologists and
domain experts, suggesting that interdisciplinary teams are essential rather than optional.

Furthermore, several limitations constrain our findings. The relatively small number
of studies meeting inclusion criteria limits generalizability. Publication bias likely favors
successful implementations over failed attempts, potentially overestimating effectiveness.
The rapid evolution of AR technology means studies from earlier years may not reflect
current capabilities. Geographic concentration in developed countries with established
nuclear programs may miss innovations from emerging economies.

Methodological variations across studies complicate direct comparisons. Few stud-
ies report long-term outcomes or comparative effectiveness against traditional training.
The absence of standardized evaluation metrics makes it difficult to assess relative success
across implementations.

4.7. Recommendations

The recommendations below are derived from recurrent gaps observed across the
included studies and summarized in the comparative synthesis.

4.7.1. Strengthen Evaluation with Safety-Relevant Outcomes

Many studies report feasibility demonstrations and usability feedback, but fewer
report standardized learning outcomes, retention, transfer, or comparable baselines. Future
work should include evaluation measures that reflect training impact, such as task error
rates in representative scenarios, workload and usability instruments, and where feasible,
proxy exposure measures or time spent in higher risk regions of the workspace. This recom-
mendation follows directly from the heterogeneity of evaluation approaches documented
in Table 2 and from the quality assessment summary in Section 3.5.

4.7.2. Report Spatial Registration Fidelity, Latency, and Uncertainty

Several implementations present radiation measurements in augmented reality with-
out reporting the accuracy of sensor pose estimation, alignment, update rate, or uncertainty
propagation. Because safety training depends on spatial interpretation, future systems
should report the registration approach, latency budget, and how uncertainty is communi-
cated in the interface. This reporting is necessary for reproducibility and for interpreting
training claims across studies.

4.7.3. Design Explicitly for Attention Management and Trust Calibration

Across domains, the risk of information overload and over reliance on augmented
reality appears repeatedly as a practical concern. Visualization strategies that adapt infor-
mation density to context, combined with training modules that clarify system limitations,
are likely to improve safe use and appropriate trust. This recommendation aligns with
the human factors issues discussed in Section 4.5 and with limitations reported across the
reviewed implementations.

4.7.4. Validate Robustness Under Operational Constraints

Environmental complexity, electromagnetic interference, occlusion, and bright lighting
conditions can reduce tracking stability and visualization reliability. Systems intended for
safety training should be validated under representative constraints for the target domain,
and hybrid architectures should be considered where communication reliability is critical.
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4.7.5. Promote Interoperability Through Shared Conventions

The literature currently lacks shared conventions for coordinate frames, radiation field
representations, and reporting of sensor and visualization pipelines. Common conventions
would improve comparability and accelerate cumulative progress beyond isolated proto-
types. This recommendation is supported by the cross-study fragmentation revealed in the
concept matrix and by the limitations summarized in Section 4.6.

4.8. Future Directions and Opportunities

AR-sensor integration for radiation safety training is at an inflection point. While tech-
nical capabilities have matured enough for practical deployment, standardization remains
elusive. The field would benefit significantly from common data formats, visualization
conventions, and safety protocols that enable interoperability across systems and domains.
The convergence of improving AR hardware, sophisticated sensor networks, and growing
safety demands creates favorable conditions for expanded adoption. We anticipate that
within the next decade, AR-enhanced radiation monitoring will transition from experimen-
tal implementations to routine operational tools in many facilities. However, realizing this
potential requires addressing current limitations through sustained research, development,
and evaluation.

Wearable AR devices, particularly lightweight smart glasses, offer promising directions
for reducing obtrusiveness while maintaining functionality. As these devices become more
capable and affordable, we anticipate accelerated adoption in educational settings where
cost constraints currently limit access. The ultimate measure of success for AR in radiation
safety will not be technological sophistication but demonstrated improvements in human
safety. Reduced exposure rates, fewer accidents, and better-prepared workers represent
the true goals. This systematic review provides a foundation for pursuing these objectives
through evidence-based development of AR-sensor systems.

The integration of artificial intelligence and machine learning presents another frontier.
Current systems largely present raw or simply processed sensor data. Future systems could
provide predictive alerts, optimize suggested routes through radiation fields, and adapt
visualizations based on user expertise and cognitive state.

Most critically, the field needs comprehensive evaluation frameworks that go beyond
technical metrics to assess actual safety outcomes. Long-term studies tracking exposure
rates, procedural errors, and training retention would provide evidence necessary for
regulatory acceptance and widespread adoption. As we continue to work with ionizing
radiation in medicine, energy, and research, the invisible nature of this hazard demands
innovative approaches to visualization and training. Augmented reality, properly imple-
mented and rigorously evaluated, offers a powerful tool for making the invisible visible
and the dangerous safer. The studies reviewed here represent early steps in what promises
to be a transformative journey for radiation safety practice.

4.9. Implications for Practice

For practitioners considering AR implementation, our review suggests several key
considerations. First, successful deployment requires sustained institutional commitment
beyond initial pilots. The most effective implementations evolved through multiple itera-
tions based on user feedback. Second, hybrid approaches combining AR with traditional
monitoring provide necessary redundancy while enabling innovation. Third, training
programs must address not just system operation but appropriate trust calibration and
limitation awareness.

The evidence suggests that AR should not be viewed as replacing traditional radia-
tion safety approaches but rather as augmenting them with spatial context and real-time
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awareness. Technology excels at making invisible hazards visible and providing intuitive
understanding of complex radiation fields. However, numerical precision and fail-safe
operation still require traditional instrumentation.

As this field continues to evolve, maintaining focus on fundamental safety goals
rather than technological capabilities will be essential. The promise of AR lies not in its
novelty but in its potential to reduce radiation exposure, prevent accidents, and enable
more effective training. Realizing this potential requires continued collaboration between
technologists, safety professionals, and end users, guided by rigorous evaluation and
unwavering commitment to safety.

5. Conclusions

This systematic review synthesized 23 studies published between 2011 and 2021 that
combine augmented reality visualization with sensor-derived ionizing radiation informa-
tion for training or education contexts. The evidence shows that implementations span
multiple platforms and sensing modalities and that they can be organized into a small
number of recurring integration patterns, including direct overlay of point measurements,
mapped field representations, task-aware procedural guidance, and distributed or remote
sensing architectures.

Across the reviewed studies, the strongest evidence supports technical feasibility and
improved situational understanding in constrained settings. At the same time, the review
identifies persistent gaps that limit comparability and adoption. These include inconsistent
reporting of spatial registration fidelity and latency, limited treatment of uncertainty in
visualization, and uneven evaluation practice with relatively few studies reporting stan-
dardized learning outcomes or transfer measures. The comparative synthesis provided
in this review clarifies dominant approaches and trade-offs, and it motivates a research
agenda focused on stronger evaluation tied to safety-relevant outcomes, improved ro-
bustness in complex operational environments, and shared reporting conventions that
support reproducibility.
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