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Abstract— Compliance with European standards now
constitutes an essential for machine safety. Today, the
integration of user safety is no longer regarded as a constraint,
but as a function that the system must fulfill and as a
responsibility shared by all stakeholders. However, the
persistence of numerous accidents reveals the boundaries of a
predominantly normative approach. This article presents an
analysis of the contribution of Virtual Reality (VR) as a
complementary tool for more effectively integrating human
factors and operator safety from the design phase onward. First
through a review of the literature, we demonstrate how VR
made possible to anticipate working situations, reduce residual
risks, and improve user-centered design. Subsequently, a
prospective investigation is proposed to identify courant
limitations of VR. Finally, we analyze the role of Artificial
Intelligence (AI), which could potentially address and overcome
these limitations.
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L INTRODUCTION

User safety represents a big challenge in industrial
systems. Despite the application of European directives and
harmonized standards, statistics show a continued prevalence
of occupational accidents. In 2023, the EU recorded
approximately 2.83 million non-fatal workplace accidents,
while the number of fatal accidents reached 3,298 [1]. These
findings have led research efforts to focus on the early
integration of human factors into design processes. In this
context, VR has emerged as a key technology for overcoming
the limitations of traditional approaches based only on
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standards [2]. The advent of Al has further strengthened the
potential of VR, enabling more advanced prevention
strategies and more accurate simulations of both technical and
human behavior.

In Section 2 user safety integration in design phase is
presented and risk assessment in Section 3. In Section 4 the
contributions of VR are presented and its limitations are
discussed in Section 5. Al potential contributions are proposed
in Section 6 before concluding in Section 7.

II.  INTEGRATION OF USER SAFETY FROM DESIGN PHASE

User safety is still not sufficiently integrated into the
design process of mechanical systems [3]. It is often addressed
late in the development cycle after the completion of CAD
models, primarily to comply with the technical requirements
of standards such as ISO 12100:2010 and EN 614.

European standards (Machinery Directive, ISO 12100,
ISO 13849) provide a structured methodological framework
for risk analysis. However, they are based on assumptions
about use situations that are often idealized and imagined by
designers. As a result, they struggle to represent real operator
activity, adaptive strategies, human variability, and contextual
constraints. These limitations partly explain the persistence of
residual risks after compliance has been achieved.

Moreover, industrial machines are becoming increasingly
complex, and it is difficult to account for all operating
conditions related to the environment or actual use due to their
high variability. This rapidly creates a gap between the way
designers envision system use—based on various simulations,
including those performed using VR—and the use actually
emerges in practice as shown in Figure 1.
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Figure 1.

Our involvement in this research problem aims to examine
the impact that the integration of VR had on the design process
of machines and industrial systems. Although standards are
not static and evolve over time to better address designers’

Evolution of the Gaps Between VR-Simulated Scenarios and the Real-Life System

needs, and although VR can facilitate their application, we
have observed that they are still predominantly applied during
the final stages of the design process. This late integration
tends to increase the complexity of the designed system
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(through the addition of sensors, barriers, etc.) and requires
cumbersome procedures, thereby increasing the operator’s
workload. Furthermore, existing standards insufficiently
address technological hybridity within a single system,
particularly as systems are likely to evolve throughout their
life cycle as shown in Figure 2.

After
Before Safe System
Stan@ardg Safety Measures
Application
Functional Functional
System System

Figure 2. Current Integration of Standards Viewed as Increasing System
Complexity

In general, a potentially hazardous phenomenon generated
by a technical solution is delimited within a zone according to
its nature. Depending on the phenomenon or phenomena
present, this zone may be defined in terms of surface area or
volume. This concept refers to any area inside and/or around
a system in which a person is exposed to a risk of injury or
adverse effects on health. Such a zone is generated, within a
working situation [4], by a system or a component while
performing a task or operating in idle mode.

The hazard zone can be identified at three levels:

e  The most elementary level, corresponding to the technical
solution that generates the hazardous phenomenon and
zones.

e The system level, which represents the “assembly”
dimension of technical solutions. At this level, hazardous
zones defined at the first level may be modified or may
even disappear. Figure 3 shows the effect of assembly
options on the size and position of hazardous zones
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Figure 3. Dimensioned Hazardous Zones at the System Level

1. At the working situation level, the hazard zone does not
exist prior to the installation of the system but results
from the integration of the system at the site of use.
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Figure 4. The Hazardous Zone in the Working Situation
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Figure 4 shows installing a moving component in nearby a
wall may create a hazardous zone due to the risk of crushing
or trapping between the two systems, or between the moving
component and the wall.

III. RISK ASSESSMENT

According to ISO 12100, risk Assessment is based on a
combined analysis of, on one hand, the severity of potential
harm and, on the other hand, the Frequency and duration of
exposure to the hazard, as well as the technical and human
Possibilities of avoiding harm. Figure 5 illustrates the
parameters required for risk Assessment. Risk analysis and the
selection of preventive measures have been detailed in [5].
The method enables designers and manufacturers to conduct
risk analyses based on operators anticipated or foreseeable
interventions, thereby identifying and implementing
appropriate preventive measures for hazardous situations.
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Relatedto | = Of the potential + —
the harm that may Probability of Occurrence
considered result from the of a Hazardous Event
hazardous hazardous
phenomenon phenomenon under +
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Figure 5. Risk Assessment Elements according to ISO 12100

The method suggests examining each operator task,
operation by operation, in as much detail and concreteness as
necessary. It involves listing the tasks and then performing a
risk analysis by considering the various situations that could
lead to harm. The designer is expected to anticipate resulting
scenarios, including potential malfunctions, and to select
appropriate preventive measures.

IV. CONTRIBUTIONS OF VIRTUAL REALITY

First of all, we should note that VR is not a normative
method for risk assessment, but rather a tool that supports risk
estimation, integrated into the design process of a machine or
system.

VR has been widely used for the analysis and
improvement of safety in industrial and intralogistics systems
by integrating it into design, risk assessment, and training
processes [3]. The authors clearly indicate that VR serves as
a complementary or alternative technology to traditional
approaches:

1. Enabling Immersive evaluation of hazards and
countermeasures that are difficult to capture using
standards alone.

2. Enabling the simulation of realistic working situations
prior to machine manufacturing.

3. Offering the possibility of immersing operators,
ergonomists, and designers in interactive virtual
environments.

4. Facilitating the analysis of postures,
movements, visibility, and accessibility.

5. Also allowing the identification of hazardous scenarios
that are not anticipated by conventional normative risk
analyses.

gestures,
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As confirmed by [6], for existing working situations or
for the design of new situations that are highly similar to
existing ones, VR enables the simulation of degraded
conditions (fatigue, cognitive load, etc.), realistic contexts
(noise, reduced visibility, etc.), rare or hazardous events
(failures, human errors, etc.), and non-linear sequences of
actions. Real operating conditions, which are often excluded
from normative models, thus become observable, repeatable,
and measurable.

Reference [7] demonstrates that virtual environments can
be used to simulate operator activities while assessing
postural constraints and a variety of operational strategies.
This indicates that VR facilitates the examination of actual
behaviors (gestures, postures, etc.) under constraints, which
is critical for analyzing the gap between prescribed and real
work and for detecting emerging risks.

A. VR role in design process,

When integrated into the design process, VR becomes an
early validation tool. In [8], the authors analyzed the impact
of VR on the design process and proposed guidelines for its
integration. They emphasize that the potential of VR strongly
depends on human-centered approaches and thoughtful
methodological integration, rather than on systematic or
purely technological adoption. VR enables the testing of
different machine configurations, layouts, and procedures,
including emergent behaviors and complex contextual
situations. User feedback collected in virtual environments
contributes to refining the design before costly physical
prototyping phases. This approach reduces late design
iterations and enhances the robustness of the design from a
safety perspective.

VR also plays a significant role in modeling and
simulating user behavior around the designed system. In
certain cases, when the expected performance is not
achieved, VR allows designers to question the initial design
assumptions and to identify the need for modifications. While
VR can influence and support the evolution of Computer-
Aided Design (CAD) models, this influence is not automatic
in all cases. Rather, VR primarily serves as an immersive
evaluation and feedback tool that guides design changes. By
immersing designers and users in full-scale 3D CAD models
with natural interactions, VR makes ergonomic, safety, and
accessibility issues visible—issues that are not always
detectable through conventional screen-based reviews or 2D
inspections.

VR enables the simulation of actual system use by
incorporating human variability (body size, reach, etc.), co-
activity with other operators, and realistic environments
(lighting conditions, obstacles). Observations made in VR
provide actionable insights that can be used to adjust CAD
models prior to physical prototyping. So, issues identified in
VR can be annotated and directly communicated to the design
team, thereby creating a feedback loop toward the CAD
model [9]. In some software environments, it is possible to
generate collision markers, ergonomic constraints, or
physical limitations. The authors in [10] noted that VR and
digital human modeling are commonly employed within the
context of Industry 4.0 for ergonomic assessment. However,

their application remains limited when it comes to evaluating
physical ergonomics across the various phases of product
development. In their study, the authors propose a set of
design guidelines that integrate VR and digital human
modeling in order to anticipate physical ergonomics
evaluations of assembly processes while the product is still
under development.

B. VR role in risk assessment

VR also plays a significant role in risk assessment,
notably through the following contributions:

1. Identification and characterization of hazardous
situations: VR enables the simulation of normal,
foreseeable, and degraded use scenarios by visualizing
human—machine interactions. This makes it possible to
reveal hazardous phenomena related to kinematics,
accessibility, and actual operator gestures. As a result,
VR enriches the identification of hazardous zone and
hazardous situations, which constitutes a prerequisite for
risk assessment. In [11], the authors found that VR-based
risk assessment constitutes a robust and effective
alternative to traditional document-based or CAD-based
approaches.  Although  differences in  hazard
identification were observed between simple and more
detailed virtual models, the overall risk evaluation
outcomes remained largely comparable across model
complexities. Based on their results, the authors
recommend a progressive increase in model fidelity
throughout the different phases of machine development,
enabling risks to be identified in an economically and
operationally efficient manner.

2. Contributions to risk assessment process:

a) Severity of harm. VR helps to understand where and
how the human body is exposed by visualizing impact,
crushing, or shearing zones. It also allows comparisons
of potential severity across different design concepts.

b) Frequency and duration of exposure. VR makes it
possible to simulate task repetitiveness and to observe
the actual time operators spend in hazardous zones.
Different operational scenarios (production, adjustment,
maintenance) can be tested, leading to a more realistic
assessment of human exposure to hazards.

¢) Possibility of avoidance of harm. One of the major
contributions of VR concerns the evaluation of
avoidance possibilities. By visualizing available reaction
times, escape paths, and constrained postures or human
reflexes, VR enables a concrete assessment of avoidance
potential—an aspect that is often poorly evaluated using
drawings or static representations.

3. Comparison of design concepts: VR allows multiple
solution architectures to be compared in order to estimate
which design generates fewer hazardous zones, reduces
exposure, and facilitates avoidance.

Although VR does not directly produce a normative risk

level, it provides observations and usage scenarios, either

anticipated by designers or derived from real work situations
involving similar systems or machines. These elements
support technical arguments that are subsequently formalized
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within the ISO 12100 risk assessment framework to guide
design choices and risk reduction measures. Consequently,
through the use of VR, risk assessment evolves from a purely
documentary requirement into a decision-support tool for
conceptual design.

V. CURRENT LIMITATIONS OF VR

Despite the strong contributions of VR to improving the

performance of socio-technical systems, several recent
scientific studies confirm that VR still faces substantial
technical and economic barriers. These include limited
hardware performance, high equipment and development
costs, stringent technical requirements for integration and
practical use, as well as constraints related to accessibility
and maintenance. In the following, we discuss the current
limitations of VR manifest at twelve levels detailed in the
next 12 points :

1.

Limitations related to VR itself and its use: [12]
conducted a systematic review analyzing the use of VR
(and Augmented Reality) for hazard detection and
prevention.  Their  review  highlights  several
methodological and technological limitations in current
VR-based hazard recognition applications, including the
lack of realistic scenarios, insufficient contextual
learning, limited validation of results, restricted dynamic
behavior of simulations, and persistent technological
issues. These findings indicate that, although VR
demonstrates strong potential in training, simulation, and
design, such limitations continue to hinder its
widespread adoption and generalization, particularly in
industrial and safety-critical environments.

Limitations related to the maturity of design concepts:
VR models used in early design phases are often
incomplete or approximate. At upstream stages of the
design process, kinematics are frequently hypothetical,
velocities, masses, and inertias are not yet defined; and
the materials and energy flows involved remain
unknown or unquantified [13]. Under such conditions,
VR may create an illusion of risk control, potentially
masking unmodeled hazards such as vibrations, fatigue,
or component failure. Consequently, while VR can make
certain hazards visible, it cannot reliably quantify their
severity, leading to possible underestimation of risk.
Limitations arise from the nature of risk assessment
methods themselves: This is particularly evident in the
qualitative treatment of harm severity, as real physical
energies are often unknown during early design stages.
The underlying physical dynamics and real-world energy
levels are often unknown or insufficiently modeled at
these stages [6]. The authors, demonstrate that although
RV and virtual environments can be immersive and
interactive, the fidelity of perception, movement, and
physical relationships is constrained by current
technologies. In other words, even when a hazardous
situation is represented, the simulation does not
necessarily reproduce the physical mechanisms, forces,
energies and impacts that determine the actual severity
of an accident. Additional challenges include the lack of

realistic or contextualized scenarios and insufficient
validation of results, which further limitations the
reliability of VR-based risk assessment.

Limitations concern the integration of VR into the design
process. During the early stages of product development,
when such physical parameters are not yet fully defined
or available. Strand [14] emphasizes that, VR
environments often lack sufficient realism and functional
depth to support detailed design tasks, particularly when
accurate representation of physical interactions and
energy levels is required. In [15], authors further argue
that technical constraints directly influence how VR can
be positioned within the design process, explaining why
it remains complementary rather than substitutive. In
[13], a systematic review of 49 papers emphasizes that
although VR is used for certain design tasks, there is still
no consensus or clear guidance on how to effectively
apply VR during the conceptual design phase. This
reflects the difficulty of handling immature or
incomplete conceptual models in early design stages.
They conclude that VR has not yet demonstrated a
consistent and validated capability to manage such
uncertainties. Similar conclusions are reported by [16],
who  highlight persistent challenges, including
difficulties in assessing VR effectiveness during
conceptual design, the lack of agreed-upon metrics for
its use, and discrepancies between promising results and
studies questioning its generalized effectiveness.
Limitations exist in capturing real work and actual user
activity. Reference [17] describes an activity-centered
ergonomic approach that distinguishes prescribed work
from real work and emphasizes the analysis of real
operational strategies. While this perspective strongly
justifies the use of VR for activity analysis, it also
highlights the difficulty of fully reproducing real
gestures, adaptations, and decision-making processes in
virtual environments.

Human and cognitive limitations affect VR-based
evaluations. The perception of danger is subjective, and
users may under- or overestimate risks depending on
their expertise (expert versus novice). Extreme postures
and compensatory strategies are often poorly anticipated.
As a result, VR cannot guarantee homogeneous and
objective risk evaluations. Reference [18] shows that VR
alters functional body size perception and perceived
distances due to sensorimotor distortions inherent to
immersive systems (vergence, accommodation conflict).
Reference [19] similarly demonstrates that spatial
perception in VR is not strictly equivalent to reality,
introducing depth and distance biases that can affect
design decisions where spatial precision is critical.

The representation of the human body in VR is not
neutral. Standardized anthropometries, idealized
gestures, or the absence of real fatigue influence how
users perceive hazards. In [20], the authors show that
avatar morphology affects perceived affordances, while
[21] demonstrates that manipulating virtual body size or
shape (body ownership illusion) alters distance
perception and motor judgments. Such biases have direct
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implications for the evaluation of hazardous zones and
safety distances.

8. Normative and regulatory limitations are substantial. VR
cannot be considered proof of conformity, as standards
such as ISO 12100 require formal analyses (FMEA,
structured risk assessment, etc.). Consequently, VR
results must be translated into normative frameworks. In
[22], the authors analyze safety and privacy risks
associated with XR technologies and argue for proactive
regulation, highlighting the absence of harmonized
standards addressing the intrinsic or extrinsic safety of
VR systems in industrial contexts.

9. VR does not compute a regulatory risk level and cannot
replace severity—frequency—avoidance matrices. It
neither certifies compliance nor substitutes formal risk
calculations. The European Parliament report on virtual
worlds [23] underscores unresolved issues related to
safety, responsibility, and legal frameworks. Reference
[24] further shows that only a small proportion of VR
safety studies rely on solid theoretical or normative
foundations, and that standardized performance criteria
and long-term evaluations are largely lacking.

10. Certification-related limitations remain critical. VR
cannot be used to certify performance levels required by
ISO 13849, as reliability calculations (MTTFd, DCavg,
CCF) and documented validation activities remain
indispensable. The standard does not recognize
simulation alone as sufficient evidence for achieving
required performance levels of safety-related control
systems.

11. Economic and technical limitations constrain adoption,
particularly for small and medium-sized enterprises. The
combined costs of 3D modeling, usage scenario
development, safety expertise, and VR implementation
often result in limited return on investment. Technical
challenges include limited interoperability between VR,
CAD, and risk analysis tools, frequent updates, and the
lack of automatic CAD model modification in most
traditional systems. Although integrated platforms such
as digital twins and immersive CAD environments
(Siemens NX VR, Dassault 3DEXPERIENCE,
Autodesk VRED) offer partial solutions. References [25]
and [26] confirm that hardware limitations, high costs,
interoperability issues, and user discomfort remain major
obstacles.

12. Finally, immersive VR can have adverse effects on users.
Reference [27] shows that even short immersive VR
sessions can induce postural instability, disorientation,
blurred vision, and nausea in vulnerable populations.
More recent studies [28] and [29] report cybersickness,
increased physiological stress markers, and decreased
cognitive performance following prolonged VR
exposure, indicating persistent effects that limit its use
for precise or extended tasks.

In summary, a VR simulation constitutes a socio-technical
system combining digital models, usage scenarios, and
immersive human interaction to explore and analyze
situations before they physically exist. While VR enables
early anticipation of design and safety issues, it does not

replace safety engineering practices or normative risk
analysis, but rather complements them.

VI.  ARTIFICIAL INTELLIGENCE CONTRIBUTIONS

VR has demonstrated significant potential for improving
the integration of human factors and safety in the design of
industrial machinery. However, as discussed in previous
sections, VR presents several current limitations that reduce
its effectiveness in early design phase and risk assessment.
Artificial Intelligence (AI) offers targeted solutions to
address these current limitations, enhancing VR’s predictive,
generative, and evaluative capabilities. Reference [30]
highlights that, in high-risk training contexts, the integration
of Al with VR significantly enhances the predictive,
generative, and evaluative capabilities of VR-based
simulations. So, Al could contribute to mitigate the ten key
VR 1 current limitations cited above. In the following, we
present the the nine identified potential contribution of TA.

1. Immature Models in the Conceptual Phase: To address
models’ limitations, Al could contribute to developpe
predictive models based on machine learning and
probabilistic reasoning. These models can estimate
plausible ranges for velocities, masses, and inertias using
historical databases of similar systems (case-based
reasoning). Bayesian approaches could allow
uncertainty to be explicitly modeled, generating risk
envelopes rather than single-point estimates [31].
Additionally, Al could automate labor-intensive tasks
such as scenario generation, collision detection, and
postural analysis, reducing dependence on human
expertise. These approaches enable a transition from
deterministic simulations to informed, uncertainty-aware
VR simulations, making VR scalable and more
applicable in industrial contexts, including SMEs.

2. Difficulty in Quantifying Harm Severity: To address this
boundary, Al Contribution manifest by coupling Al with
biomechanical models allows the estimation of indirect
harm indicators, such as probable impact zones, applied
forces, and likely injury scenarios [32]. Learning from
accident databases links geometric configurations to
expected severity levels. So, Al could transform
immersive observation into reasoned severity metrics,
providing actionable data for risk evaluation.

3. Lack of Realistic and Contextualized Scenarios:
Although VR scenarios may involve automated
animations or scripted behaviors, they are most often
manually designed at a conceptual level. The selection of
situations, events, and interactions is typically driven by
expert assumptions rather than generated autonomously
by the system., failing to account for rare events, human
errors, or co-activity, Al techniques such as
reinforcement learning and automated planning can
generate realistic, context-aware scenarios, including
extreme or non-intuitive sequences that designers may
overlook [33]. This could evolve VR from an illustrative
tool to a generative and exploratory environment,
expanding the scope of risk analysis.

4. Difficulty Integrating VR into the Design Process:
Although guidelines exist for integrating VR into the
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design process [8], industrial adoption remains
heterogeneous. Al could function as a meta-decision
layer, linking VR, CAD, and risk assessment workflows.
Recommendation systems could suggest optimal VR
interventions based on design maturity and development
stage. So, Al could enable systematic integration of VR
into the design process, enhancing coordination rather
than supporting isolated applications.

Incomplete Representation of Real Work: While VR
struggles to replicate real operator strategies and task
variability, Al could learn from field data (videos,
sensors, industrial log, etc.) to model real operator
behaviors. Behavioral Al could simulate diverse profiles,
accounting for expertise level, fatigue, and stress. So, VR
simulations could become more accurately reflect real-
world operations, bridging the gap between prescribed
and actual work.

Human Subjectivity and Cognitive Biases: Hazard
perception naturally varies across users, which can lead
to inconsistent risk assessments in VR alone. By
integrating Al, VR can be enhanced with quantitative
indicators—such as exposure time, minimum distances,
and joint angles—providing additional insights to
support evaluation. Al can help identify potential
perceptual biases and highlight critical aspects of
operator behavior, strengthening the objectivity and
reliability = of = VR-based  assessments  while
complementing expert judgment.

Lack of Regulatory Recognition: VR alone cannot serve
as proof of compliance with standards. However; Al
could translate VR observations into structured,
traceable normative arguments aligned with ISO 12100
and other regulations, supporting formal risk analyses.
So, Al could act as a bridge between VR insights and
regulatory frameworks, complementing but not
replacing formal requirements.

Inability to Certify Safety Functions (ISO 13849):
because VR cannot substitute for reliability calculations
required for certification. the use of Al could prioritize
critical safety functions for detailed analysis and detect
risky system architectures early, guiding subsequent
certification efforts to facilitate informed decision-
making during certification planning without replacing
formal compliance processes.

VR significant technical and economic burdens:
Implementing VR in industrial design and safety
assessment is resource-intensive, requiring substantial
hardware, software, modeling, and expert personnel to
create realistic scenarios, detect collisions, and evaluate
operator postures. Al can mitigate these technical and
economic burdens by automating time-consuming tasks,
such as scenario generation, collision detection, and
postural analysis. Machine learning and procedural
generation methods can create a wide variety of realistic
operational scenarios with minimal human input, while
Al-driven algorithms can identify potential hazards
automatically. This reduces reliance on highly
specialized personnel and accelerates the evaluation
workflow. As a result, VR becomes more scalable and
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industrially applicable, particularly for small and
medium enterprises that have limited resources. By
lowering labor costs and increasing the throughput of
VR-based analyses, Al enhances the return on
investment and facilitates broader adoption of VR for
safety and design purposes.

These non-exhaustive identified potential contributions of

Al need more explication about how they could be applied,
to be verified an validated.

VII. CASE STUDY

This case study considers the early design phase of a semi-
automated industrial packaging machine. The objective is
to show how VR supports early safety assessment and how
Artificial Intelligence (AI) can enhance current
limitations.

Step 1: VR-Based Safety Assessment

A VR environment is created from preliminary CAD
models, enabling immersive simulation of operator—
machine interactions. Designers and safety engineers can
explore operating and maintenance scenarios, identifying
hazards such as collision risks, poor visibility, or non-
ergonomic postures. This approach enables: early
detection of safety and ergonomic issues, improved
collaboration between stakeholders, and iterative design
refinement at reduced cost. However, limitations persist:
operator behaviors are often predefined, scenario coverage
is limited, and risk assessment relies heavily on expert
judgment.

Step 2: Al Contributions: in this case Al can be introduced
to enhance VR-based safety assessment in three key areas:
1- Scenario Generation: Machine learning techniques can
automatically generate diverse operating conditions,
including rare or unexpected situations (e.g., abnormal
machine states or emergency interventions). This
improves the coverage of risk analysis beyond manually
defined scenarios.

2- Behavioral Realism: Al models enable more realistic
simulation of operator behavior by incorporating
variability, reaction times, and non-ideal actions. This
allows better representation of real-world human—machine
interaction.

3- Risk Identification Support: Al can analyze interaction
data within the VR environment to detect hazardous
patterns, such as repeated proximity to dangerous
components or unsafe sequences of actions. This supports
systematic and data-driven risk identification.

Step 3: Linking VR and AI techniques: Al techniques,
particularly in natural language processing, may assist in
interpreting safety standards and linking them to design
features. In this case, such tools could help identify
applicable requirements and guide early design decisions,
reducing the risk of non-compliance.

We could note that the combined use of VR and Al enables
a more proactive approach to safety integration by shifting
risk assessment to earlier design stages. Key benefits
include improved hazard detection, increased scenario
diversity, and enhanced decision support. However,
challenges remain, including the need for high-quality
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training data, integration into existing design workflows,
and validation of AI outputs in safety-critical contexts.
Therefore, the approach should be seen as complementary
to traditional safety methods rather than a replacement.
This case study demonstrates the potential of combining
VR and Al to enhance early operator safety assessment in
industrial machinery design. While conceptual, it provides
a realistic illustration of how these technologies can
improve current practices and supports future work toward
implementation and validation.

VIIL

VR represents a significant lever for enhancing the
integration of human factors and operator safety in the design
of industrial machinery. Complementing European
standards, VR enables better anticipation of real work
situations and reduces residual risks. While it does not
replace regulatory frameworks, VR allows concrete
verification of preventive measures defined through
normative risk assessment and introduces an experimental,
human-centered dimension that strengthens both functional
compliance and user acceptability.

The systematic integration of VR into design processes
offers a promising avenue for more proactive, user-centered
safety. However, the limitations identified—technical,
methodological, human, and regulatory—highlight the need
for further research to mitigate these constraints. In
particular, the integration of AI could enhance VR by
generating and analyzing a wider range of usage scenarios,
including hazardous situations, thereby supporting more
comprehensive risk assessment.

Future developments combining VR, advanced digital
models, and Al offer the potential for dynamic and predictive
risk evaluation. By incorporating human variability and real
operating conditions, these approaches can further improve
accident prevention and reduce work-related musculoskeletal
disorders at the earliest stages of design. In future work, such
advancements will be positioned VR/AI as a critical tool that
need evaluation and validation for the next generation of
human-centric, safe industrial systems.

CONCLUSION ET FUTURE WORK
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