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Abstract

Training for confined-space operations presents significant challenges due to safety risks,
limited accessibility, and the complexity of reproducing realistic conditions. Within this
context, immersive technologies such as Head-Mounted Display Virtual Reality (HMD-VR)
offer a promising alternative for procedural training. This study evaluates the effectiveness
of a hands-free, bimanual HMD-VR training system for confined-space operations as an
alternative to physical training when access to real environments is constrained. Two HMD-
VR configurations were investigated and compared with a physical training condition using
a shared multi-step procedural scenario. Training outcomes were assessed across repeated
executions and through a real-world evaluation, focusing on procedural performance and
cognitive demand. Results show that all groups achieved significant improvements in
performance over repeated executions, with reductions in completion time and error rate.
Importantly, no statistically significant differences were observed between groups during
the final real-world evaluation, and non-inferiority analyses confirmed that HMD-VR
training did not result in performance outcomes worse than those achieved through phys-
ical training within predefined operational margins. Similarly, no significant differences
emerged in either EEG-derived Cognitive Load (CL) or subjective workload at the final
execution, despite a reduction in perceived workload over time. Analysis of subjective
immersive experience revealed consistently high levels of presence and engagement across
HMD-VR conditions, with no significant differences between configurations. However,
spatial presence and perceived realism decreased over repeated exposure, suggesting an
adaptation effect rather than a continuous increase in immersion. Overall, the findings
indicate that, under the controlled conditions of this study, HMD-VR training enables
real-world procedural execution and cognitive demand profiles comparable to those ob-
served following physical training. These results support the potential of HMD-VR as a
viable approach for novice procedural training in confined-space operations, particularly
in contexts where traditional training is limited by safety, cost, or accessibility constraints.
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1. Introduction

Training for confined-space operations is a critical component of workforce preparation
in high-risk and spatially constrained industrial contexts, where workers are required to
execute complex procedures under severe spatial, environmental, and safety constraints [1].
Restricted access, limited ventilation, reduced visibility, and the potential presence of haz-
ardous atmospheric conditions substantially increase the operational risk associated with
these activities [2,3]. Effective preparation, therefore, requires training approaches capable
of reproducing realistic operational conditions while ensuring trainee safety and mini-
mizing exposure to real-world hazards [4]. Conventional training approaches, including
physical mock-ups and on-site drills, address these requirements only partially. Although
such methods can reproduce selected aspects of the operational context, their cost, logistical
complexity, limited repeatability, and residual safety risks constrain systematic training
and hinder controlled experimental evaluation [5]. As a result, alternative solutions that
enable realistic yet safe preparation for confined-space operations are increasingly needed.

From a training perspective, confined spaces closely align well with the DICE frame-
work [6], as they involve activities that are Dangerous, Infrequent, Complex, and Expensive
to reproduce in real-world settings. These characteristics make confined-space operations
particularly challenging to prepare for using physical training modalities, reinforcing the
need for training environments that can simulate complex procedures while maintaining
experimental control and operational safety.

Within this context, HMD-VR has emerged as a promising technological solution for
training in confined spaces [7-9]. By enabling controlled exposure to hazardous scenarios
within a safe-to-fail environment, HMD-VR allows operators to rehearse complex procedures
representative of real confined-space activities without physical risk, while supporting
repeatable and standardized training experiences [10,11]. Despite growing evidence of
the potential benefits of immersive technologies for training [12-14], empirical evaluation
of HMD-VR training systems under standardized and operationally realistic conditions
remains limited, particularly for procedurally complex confined-space scenarios [15].

In this study, we contribute to the research domain of HMD-VR training for confined-
space operations by evaluating the effectiveness of a hands-free HMD-VR training system
as an alternative approach in contexts where access to physical training environments is
constrained. More specifically, the study provides three main scientific contributions.

First, from an engineering perspective, we introduce a hands-free HMD-VR train-
ing system that enables natural bi-manual interaction through inside-out tracking. The
system supports the execution of a complete multi-step procedural workflow through
direct interaction with virtual objects under constraints representative of confined-space
operations. Interaction is further enriched through multimodal feedback, integrating visual
and auditory cues with tactile feedback provided by haptic gloves and kinesthetic feedback
delivered via a wearable exoskeleton.

Second, from a methodological perspective, we propose an evaluation framework that
compares two HMD-VR training configurations (with and without multisensory feedback)
against real-world physical training using a shared procedural scenario. The framework is
grounded in an experimental protocol consisting of two training sessions followed by a
final real-world evaluation performed by all groups under identical conditions. This design
enables a controlled comparison of training outcomes across modalities and supports
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the assessment of training transfer from virtual to real-world execution for the HMD-VR
conditions. Training outcomes are evaluated in terms of performance and cognitive demand
during execution. In this context, performance is defined as the effectiveness of real-world
execution, operationalized through completion time and error rate, and complemented by
subjective self-assessments.

Third, from an empirical perspective, we provide evidence on the effectiveness of
HMD-VR training through a non-inferiority analysis of performance outcomes, showing
that HMD-VR training can achieve results comparable to physical training under shared
evaluation conditions.

Together, these contributions advance the understanding of how HMD-VR training
systems can be effectively designed and evaluated in high-risk, spatially constrained
operational contexts.

In light of this, the present work addresses the following research questions:

RQ1—Performance. To what extent does HMD-VR training for confined-space
operations result in real-world execution outcomes, in terms of final performance measures,
relative to those obtained through physical training under identical evaluation conditions?

RQ2—Cognitive Demands. To what extent does HMD-VR training for confined-
space operations result in cognitive demands during real-world execution relative to those
observed following physical training under identical evaluation conditions?

The remainder of the paper is organized as follows. Section 2 reviews the related
literature, identifies the key research gaps, and introduces the contribution and significance
of the present study. Sections 3 and 4 describe the design of the HMD-VR training system
and the experimental methodology. The experimental results are presented in Section 5
and discussed in Section 6. Finally, Section 7 concludes the paper and outlines directions
for future work.

2. Literature Review

Over the past five decades, immersive technologies, particularly HMD-VR systems,
have been increasingly explored as tools for training across a wide range of application
domains [14,16-20]. Such technologies have been adopted in several contexts, including
aviation [21,22], construction [23-25], military [26] and helicopter operations [27], railway
emergency management [28], firefighting [29], and medical training [30,31], where realistic
and controlled operational environments are essential. These studies have evaluated
HMD-VR training systems across a broad range of dimensions, including the EEG-based
metric of Cognitive Load (CL), user performance, user experience, interaction quality,
motion sickness, presence, usability, immersion, and educational outcomes, highlighting
the potential of HMD-VR as an effective tool for skill acquisition and task-oriented training
in complex operational environments.

However, research on evaluating HMD-VR for training in confined-space operations
has only begun to emerge over the past decade. Recent studies, including those by Abbas
et al. [14], Evangelista et al. [8], Dang et al. [24], and Lu et al. [32], typically adopt a com-
parative approach in which HMD-VR training is evaluated against traditional educational
methods (e.g., lectures). While these studies demonstrate the advantages of HMD-VR,
such as improved skill retention, enhanced hazard recognition, faster reaction times, and
reduced human error, their validation remains focused on controlled comparisons rather
than on real-world execution. Additionally, Shen et al. [33] investigated HMD-VR sys-
tems for training characterized by different levels of fidelity and interaction modalities,
primarily based on controller-mediated input, showing that higher interaction fidelity and
direct manipulation improve learning outcomes. However, the reliance on controller-based
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interaction represents a limitation, as it differs from natural hand-based manipulation. This
issue is particularly relevant in confined-space operations, where coordinated bi-manual
actions are essential for performing real-world tasks such as inspection, maintenance, and
system manipulation [34]. In such contexts, training systems should therefore support
hands-free, bi-manual interaction that more closely reflects real operational behavior. A
structured comparison of the most relevant studies is provided in Table 1, highlighting key
differences in VR type, interaction modality, evaluation approach, transfer assessment, and
outcome measures. The comparison emphasizes that existing studies predominantly rely on
controller-based interaction and indirect or absent evaluation of real-world transfer, while
the present study introduces hands-free bi-manual interaction and a direct comparison
with physical training under shared real-world evaluation conditions.

Table 1. Systematic Comparison of HMD-VR training studies in confined-space operations.

Study VR Interaction Transfer Sample Metrics CL
Mixed s Not directly Multiple Performance, Safety, Not

Abbas etal. [14] (VR/AR) Not specified assessed studies Engagement analyzed

Stvsln %;}]1 ista HMD-VR  Controller No Mixed HRYV, Knowledge, performance  Yes

Dangetal. [24] HMD-VR  Controller No Workers Knowledge, performance No

Lu etal. [32] HMD-VR  Controller No Knowledge, performance, No
retention

Shen et al. [33] HMD-VR  Controller Partial Not specified Behavpr, knowledge, No
self-efficacy

This study HMD-VR Hands—free Yes Non-experts  Performance, Cognitive Load  Yes

bi-manual

Moreover, increasing attention has been directed toward the evaluation of HMD-VR
training outcomes beyond subjective self-reports alone. In the context of confined-space
operations, where operators are exposed to physical strain, mental stress, and elevated
CL, integrating objective and subjective measures is essential to obtain a comprehensive
assessment of both the cognitive and physiological states of the user [35]. Both measures
have been adopted by Evangelista et al. [36] in their study that investigated cognitive
performance in confined spaces by combining subjective workload assessment with phys-
iological measurements, using a modified task load questionnaire alongside heart rate
variability analysis.

In light of this, and as summarized in Table 1, the reviewed literature highlights that,
despite the demonstrated effectiveness of HMD-VR technologies for training purposes,
significant gaps remain in their application to confined-space operations. In particular, as
shown by the studies discussed above, the evaluation of HMD-VR training is predomi-
nantly based on controlled comparisons with traditional instructional methods, rather than
on the assessment of training effectiveness through real-world execution. Furthermore,
interaction paradigms are still largely based on controller-mediated input, with limited
support for natural, hands-free bi-manual interaction, which is essential for accurately
reproducing actual procedures in confined spaces. At the same time, the lack of integrated
multimodal evaluation frameworks, combining objective and subjective measures to assess
the same human factors, limits the ability to obtain a comprehensive understanding of users’
cognitive and physiological states. Taken together, these limitations indicate that existing
solutions do not yet fully capture the complexity of real-world operational performance,
highlighting the need for evaluation approaches specifically designed to assess training
effectiveness for confined-space operations under realistic conditions.
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To the best of our knowledge, no hands-free HMD-VR training system for confined-
space operations has been empirically evaluated through direct comparison with real-world
physical training using a shared procedural scenario. In response to this gap, our work
introduces a hands-free HMD-VR training system designed for the execution of complete,
multi-step procedural workflows representative of real-world confined-space operations,
and evaluates the extent to which training delivered through two configurations of this
system translates to real-world execution in terms of performance and cognitive demand.

3. Design and Development of the HMD-VR Training System for
Confined Spaces

The HMD-VR training system was designed to provide a realistic environment for
preparation in confined spaces, prioritizing interaction fidelity, procedural coherence, and
sustained cognitive engagement under constrained operational conditions. It enables
natural, hands-free bi-manual interaction based on inside-out tracking, consistent with the
tools and tasks required in real confined-space operations.

The system supports the execution of a complete multi-step workflow (Table A1)
through direct interaction with virtual objects, allowing users to perform procedures under
realistic constraints. Interaction is further enriched through multimodal feedback, com-
bining visual and auditory cues with tactile inputs provided by haptic gloves (TactGloves
DK2) and kinesthetic feedback delivered via a wearable exoskeleton (SIDE).

3.1. Design Objectives and Context

The proposed training system was conceived to support the execution and experi-
mental validation of a complex, multi-step procedure representative of confined-space
operations. Rather than reproducing an isolated task, the system targets a complete proce-
dural workflow composed of sequential and interdependent operations performed under
spatial, operational, and cognitive constraints.

3.2. Scenario Definition, Validation and Training Environment

The training scenario was identified in the real domain and translated into system-
level requirements for the virtual training environment in collaboration with INAIL (Italian
National Institute for Insurance against Accidents at Work), which provided domain
expertise and validated the reference procedure adopted in the system. The resulting
workflow consists of fifteen sequential tasks (Table A1) representing common operations in
confined-space contexts, including system isolation, environmental verification, navigation
in restricted area, and maintenance activity.

The same validated procedure was implemented in both the HMD-VR and real-world
environments, ensuring a high degree of correspondence in terms of tools, control panels,
pipelines, access points, spatial layout, and relative dimensions (Figure 1). This alignment
enables training and evaluation to be conducted on an identical procedural scenario, with
differences limited to the training modality.

The experimental environment incorporates key spatial and operational constraints
characteristic of confined spaces, including restricted mobility, narrow passages requiring
crouched navigation, and structured work areas. Elements of virtual embodiment, such
as a high-visibility safety vest and virtual gloved hands, were introduced to enhance
ecological validity by aligning the virtual representation with real-world conditions, in
which participants were similarly equipped with corresponding protective garments (e.g.,
a high-visibility vest).
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[ Simulated Real-World Confined Space Environment } [ HMD-Virtual Reality Confined Space Environment

B

e

’ =

(b)

Legenda
<> System Isolation <> Navigation in Restricted Area <> Enviromental Verification

Figure 1. Simulated real-world and virtual confined-space environments used in the study. The
left panel (a) shows the physical training environment, while the right panel (b) presents the corre-
sponding HMD-VR environment reproducing the same procedural scenario. Spatial layout, tools,
and operational elements (Legenda) were designed to ensure one-to-one correspondence between
real and virtual conditions. Colored markers indicate representative task components within the
procedural workflow, including system isolation (purple), navigation in restricted area (yellow), and
environmental verification (green).

Video S1 illustrates the complete confined-space procedure implemented in the HMD-
VR training system. The workflow begins with the safe isolation of the system through
electrical power interruption and LockOut/TagOut (LOTO) procedures, followed by the
closure and securing of steam valves to prevent accidental reactivation. The user then
performs a series of safety verification activities, including pressure monitoring, venting
operations, and environmental gas measurements to ensure safe working conditions. Once
the system has been isolated and verified, the procedure progresses to the operational
area, where additional safety checks are conducted before maintenance activities begin.
The maintenance phase requires coordinated bi-manual interactions, including the ma-
nipulation of valves, the removal of a damaged flanged joint, and the installation of a
replacement component using hand tools. Throughout the procedure, users interact with
equipment, safety devices, and tools using natural hands-free manipulation, supported
by visual, auditory, vibrotactile, and kinesthetic feedback depending on the experimental
condition. The workflow concludes with the successful installation of the replacement
component and confirmation that the system is ready for commissioning tests.

3.3. System Design Rationale

The design of the HMD-VR training system was guided by a set of expected capabilities
aimed at addressing the specific constraints and demands of confined-space operations.
In particular, it supports three core capabilities: (i) continuous navigation within spatially
constrained environments; (ii) reliable identification, selection, grasping, and manipulation
of virtual objects, including tool-mediated operations; and (iii) robust hands-free, hand-
tracked interaction enabling coordinated bi-manual actions throughout the workflow.
These design choices were motivated by the need to reproduce key characteristics of real-
world confined-space tasks, where limited space, restricted visibility, and the use of tools
demand precise coordination and reliable interaction. Particular attention was therefore
devoted to ensuring interaction robustness and minimizing discrepancies between virtual
affordances and their real-world counterparts. To address these considerations, the system
was implemented as a wireless, standalone HMD-VR solution, enabling safe operation
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within predefined boundaries and reducing environmental constraints. This configuration
also allowed training sessions to be conducted without external connectivity, ensuring
experimental consistency.

3.4. Complex Tool-Mediated Interaction

A defining characteristic of the proposed HMD-VR training system is its support
for hands-free, tool-mediated interaction and dynamic object-object dependencies. Users
interact directly with virtual objects through natural bi-manual hand movements, without
the use of controllers, while the state of the environment evolves dynamically according to
user actions and procedural progression.

Procedural execution frequently requires coordinated manipulation of tools and oper-
ational components. In particular, users can grasp and manipulate virtual tools in order
to interact with other objects within the environment, similarly to real-world operational
procedures. For example, a user may grasp a wrench and use it to loosen the bolts of a
flanged pipe joint. In this case, the interaction outcome depends not only on the user’s
hand movements, but also on the specific tool being used and on the current procedural
state of the system.

As a result, virtual objects do not behave as isolated entities, but interact dynami-
cally through user-driven manipulation. Object states, tool affordances, and procedural
dependencies are continuously updated during task execution, enabling realistic multi-step
workflows and supporting interaction fidelity under operationally constrained conditions.

This interaction model goes beyond simplified task abstractions by enabling actions
that closely resemble real-world industrial operations, where users must coordinate tools,
object manipulation, and sequential task dependencies throughout the workflow.

3.5. Design Rationale

The overall design of the HMD-VR training system reflects a deliberate balance be-
tween realism, usability, and experimental control. High interaction fidelity and procedural
completeness were prioritized to reduce the gap between virtual and real execution, while
robustness and usability constraints were introduced to prevent excessive cognitive or
physical workload.

By grounding the system design in a procedure validated with INAIL and repre-
sentative of common confined-space operations, the proposed approach establishes an
experimental protocol for the evaluation of HMD-VR training systems for confined spaces.

4. Materials and Methods
4.1. Participants

Thirty-nine adult volunteers participated in the study. The experimental protocol was
approved by the University Transdisciplinary Ethics Committee in accordance with the
Declaration of Helsinki, and all participants provided written informed consent before par-
ticipation. Participants were recruited through public announcements within the university
and volunteered on an unpaid basis. The sample included master’s students, doctoral
candidates, researchers, and faculty members, with ages ranging from 20 to 35 years
and an approximately balanced gender distribution. All participants reported normal or
corrected-to-normal vision and no history of neurological or psychiatric disorders. None of
the participants had prior professional experience or formal training related to industrial
confined-space operations. Additionally, approximately 90% of the sample reported only
rare interactions with immersive technologies.
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A statistical summary of participant characteristics, including age, gender, VR ex-
perience, and manual task familiarity (measured on a 1-5 Likert scale), is reported in
Table 2.

Table 2. Participant characteristics by experimental group.

Variable G1 G2 G3

N 15 14 10
Age (years, mean + SD) 26.7 £3.7 279 +31 28.7+28
Age range 20-33 21-32 25-35
Gender (Male/Female) 7/8 8/6 10/0
VR experience (1-5, median) 1 1 1
Manual task confidence (1-5, median) 3 3 3

Participants were anonymized through alphanumeric identifiers and assigned to one
of three experimental groups. A combined screening and random allocation procedure
was adopted. To ensure comparability, gender distribution was balanced in G1 and G2.
Eligibility for G3 was determined prior to allocation based on anthropometric compatibility
with the SIDE upper-limb exoskeleton (Figure 2; [37]), resulting in a male-only group, which
is acknowledged as a limitation of the study. No a priori power analysis was conducted
to determine the required sample size. The target number of participants per group was
defined based on practical feasibility and available resources.

e The Physical Training Group (G1, n = 15) performed two training sessions in the
real-world environment.

The HMD-VR Training Group with visual feedback (G2, n = 14) performed two training
sessions using the HMD-VR system with visual feedback.

The HMD-VR Training Group with multimodal feedback (G3, n = 10) performed
two training sessions using the HMD-VR system with visual, auditory cues, tac-
tile feedback provided by haptic gloves and kinesthetic feedback delivered via a
wearable exoskeleton.

\

Meta Quest 3 HMD B

TackGloves DK2

Mindtooth Touch
EEG System

Figure 2. Experimental configuration for the multisensory HMD-VR condition (G3). A participant is
equipped with a Meta Quest 3 HMD for immersive visualization, the Mindtooth Touch EEG system
for CL data acquisition, TackGloves DK2 for tactile interaction, and the SIDE upper-limb exoskeleton

providing force-related feedback.
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4.2. Study Design

The study (Figure 3) follows a design comprising an experiment phase and a sub-
sequent data analysis phase. Participants were first recruited and completed a pre-test
procedure, including informed consent, and were then equipped according to the assigned
experimental group. All participants executed the same multi-step workflow across three
consecutive runs. The protocol included two training sessions (run 1 and run 2), followed
by a final real-world evaluation (run 3). During the training phase, participants repeated
the procedure either in the physical environment (G1) or in HMD-VR (G2 and G3).

The study adopts a combined within and between-subject design, enabling both the
analysis of learning dynamics across repeated executions and the comparison of training
modalities across experimental groups. Within this framework, the design is intended to
investigate a training transfer mechanism under controlled conditions. Specifically, the combi-
nation of repeated exposure to an identical procedural workflow, high interaction fidelity
enabled by hands-free bi-manual manipulation, and strict procedural equivalence between
virtual and physical environments creates comparable action and perception conditions
across training contexts. This alignment is expected to support the development of motor
and cognitive patterns that can be applied consistently during real-world execution, thereby
enabling the empirical evaluation of training transfer.

Experiment Phase Data Analysis Phase

Participant ‘ Non-Inferiority Analysis ‘
Recruitment
‘ Within-Group Analysis (Repetition) ‘

Pre-Test Procedure:

‘ Between-Group Analysis (Training Modality) ‘
« Informed Consent

[ Immersion Analysis (ITC-SOPI) |

Participant Equipment according to Study Group:

(=10 mins) Group 3 (G3) - HMD-VR Training
Group 2 (G2) - HMD-VR Training Group Group with Multisensory Feedback Results ‘
Group 1 (G1) - Physical Training withouth Multisensory Feedback
Group Meta Quest 3 HMD; TackGloves DK2
Meta Quest 3 HMD and SIDE Answer RQ1:
l Performance
Participant Tasks: Answer RE:
(~60 mins) e N
Mindtooth Wearable EEG System Cognitive demand
Phase 1 - Training Phase 2 - Real-World Evaluation
RUN 1 RUN 2 RON3
(~10 mins) (~10 mins) (~10 mins)
completion time, errors completion time, completion time,
and errors and s errors and
EEG-derived CL EEG-derived CL EEG-derived CL
G1, G2 and G3: L G1, G2 and G3: G1, G2 and G3:
Customized Customized Customized
Questionnaire. Questionnaire. § i
i 2
G2 and G3: G2 and G3: Q”ﬁ%'fn'}r?:;'e
ITC-SOPI Questionnaire. ITC-SOPI Questionnaire.
(~10 mins) (~10 mins)

Figure 3. Study design and evaluation method illustrating the experiment phase (participant recruit-
ment, pre-test, test, post-test), followed by data analysis and results addressing the research questions.

From a cognitive perspective, the design also allows the investigation of potential adap-
tation processes across repeated executions by jointly analyzing performance, cognitive
load, and subjective measures.

The final execution was conducted exclusively in a real-world simulated confined-
space environment for all groups in order to provide an evaluation context under identical
physical conditions. This design allows for a direct comparison of training effectiveness
across modalities by assessing procedural execution in a shared real-world setting, thereby
isolating the effect of training modality from differences in execution environment.

Throughout the experiment, performance metrics (completion time, number and type
of errors) and neurophysiological activity were recorded during each run. In particular,
CL was continuously measured using the Mindtooth Touch EEG system and subsequently
analyzed to derive CL indicators. Subjective measures were collected via a post-run
questionnaire (Table 3). In addition, the ITC-Sense Of Presence Inventory (ITC-SOPI)
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questionnaire [38] was administered to participants in the HMD-VR conditions (G2 and
G3) after the training sessions to assess the immersive experience.

The collected data were analyzed using both within-group and between-group com-
parisons to evaluate changes across runs and differences between training modalities.

Within this study design, the two research questions are addressed through distinct
sets of outcome measures. RQ1 is informed by objective and subjective performance
indicators, including completion time, error rate, and self-reported performance, capturing
procedural efficiency and accuracy during real-world execution. RQ2 is addressed through
measures of cognitive demand, combining EEG-derived CL indicators with subjective
cognitive workload assessments, providing both physiological and perceived perspectives
on cognitive effort. In addition, subjective immersive experience, assessed through ITC-
SOP], is analyzed separately and is not directly associated with either research question.
Instead, it provides complementary insights into participants” perceived presence and
engagement during HMD-VR training, supporting the interpretation of performance and
cognitive outcomes.

Accordingly, the study adopts an evaluative perspective, aiming to determine whether
HMD-VR training enables procedural execution and cognitive demand profiles that align
with those achieved through physical training under real-world conditions.

Table 3. Customized questionnaire administered after each run, including a single-item Likert-
scale measure of perceived performance and selected items from the NASA-TLX assessing different
dimensions of CL.

# Question

Likert Answer

Self-Performance Assessment

1 How do you evaluate your performance? 1 (Very Low)-5 (Very Fast)

NASA-Task Load Index

2 How effortful was it to understand what to do in the simulation? 1 (Very Low Effort)-20 (Very High Effort)
3 How effortful was it to move and assume the necessary postures 1 (Very Low Effort)-20 (Very High Effort)

when interacting with objects?
To what extent did you feel under pressure because of the time

4 available to complete the activity? 1 (Very Low Effort)-20 (Very High Effort)

5 Ho-w. satlsfl.ed. are you with your performance during the 1 (Very Low Effort)-20 (Very High Effort)
training activity?

6 How much overall effort did the training activity require? 1 (Very Low Effort)-20 (Very High Effort)

7 How much did the training activity 1 (Very Low Effort)-20 (Very High Effort)

discourage/stress/irritate/frustrate you?

4.3. Hardware and Software

The HMD-VR training system was delivered using a Meta Quest 3 HMD [39] operated
in standalone mode and without hand controllers, enabling natural, bi-manual hands-
free interaction through inside-out tracking. The application was developed in Unreal
Engine 5.3.2 [40], with Blueprint Visual Scripting (Unreal Engine 5.3.2) used to implement
event-driven logic and procedural workflow execution. Native hand-tracking functionality
was supported via OpenXR (version 62.0) [41], HandTracking plugin 0.6.3 beta [42] in
combination with the Meta XR Plugin [43], while Meta Quest Casting (v74, Meta Platforms,
Inc., Menlo Park, CA, USA) [44] was used to monitor the virtual environment in real time
during experimental sessions. In one experimental condition, a multisensory feedback con-
figuration was implemented using the SIDE upper-limb exoskeleton (prototype developed
within the INAIL BRIC ID 37 project, Department of Mechanical and Aerospace Engineer-
ing, Sapienza University of Rome, Rome, Italy) [37] in combination with TactGlove DK2
(bHaptics Inc., Seoul, Republic of Korea) haptic gloves [45]. Neurophysiological activity
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was recorded throughout all experimental runs using the Mindtooth Touch EEG system
(BrainSigns, Rome, Italy; BrainProducts, Gilching, Germany) [46], equipped with eight pas-
sive sponge-based electrodes positioned at AFz, AF3, AF7, AF4, AF8, Pz, P3, and P4, with
mastoid reference and ground electrodes. Real-world training and evaluation were con-
ducted within a real-world simulated confined-space environment that replicated the same
procedural workflow and operational elements implemented in the virtual environment.

4.4. Experimental Protocol

The experimental protocol was identical across all experimental groups and designed
to ensure consistency, replicability, and comparability independently of the training modal-
ity. All participants executed the same scenario following a session structure.

Each session began with an initial briefing, during which participants received an
introduction to the study and provided informed consent. Participants were then equipped
with the Mindtooth Touch EEG system. For the HMD-VR conditions, participants in G2
were provided with a Meta Quest 3 HMD, while participants in G3 were additionally
equipped with the SIDE and TactGloves DK2. Electrode placement was performed accord-
ing to the device guidelines [46], ensuring stable contact between sensors and the scalp.
Signal quality was verified in real time using the Mindtooth Neurometrics App, which
provides indicators of signal stability and noise levels. System functionality, including
data acquisition and synchronization, was checked before the experiment to ensure correct
operation. Participants were asked to report any physical discomfort or instability of the
device, and adjustments, when requested, were made as needed. Finally, a short EEG
calibration procedure was conducted, consisting of 60 s with eyes open and 60 s with eyes
closed, to establish baseline neurophysiological activity before the experimental tasks.

Participants executed the corresponding experimental protocol three consecutive
times. The first two executions (run 1 and run 2) served as training sessions according to
the assigned training modality, whereas the third execution (run 3) constituted the final
evaluation and was performed by all participants in the real-world environment. During
each execution, CL was monitored, completion time was measured, and both the number
and type of errors were recorded.

After each execution, participants completed the customized questionnaire (Table 3).
In addition, participants wearing the HMD-VR display (G2 and G3) completed the ITC-
SOPI at the end of run 1 and run 2 to assess the immersive experience during the training
sessions. At the end of the session, all equipment was removed, and participants underwent
a brief debriefing to confirm well-being and the absence of adverse effects.

Overall, the protocol was designed to reproduce the operational constraints of
confined-space activities while enabling controlled and comparable observation of perfor-
mance and cognitive demands across conditions.

4.5. Evaluation Measures

Performance outcomes and cognitive demand were evaluated using objective and
subjective measures. Objective performance was quantified through completion time and
errors, while cognitive demand was assessed using EEG-derived CL. Subjective measures
included a custom questionnaire for perceived performance and cognitive workload, and
the ITC-SOPI for immersive experience.

Objective performance outcomes were recorded during each run by measuring com-
pletion time and errors. Errors were categorized by type and mapped to specific steps of the
workflow to identify tasks more frequently associated with incorrect execution, with coding
performed by a single trained observer present during all sessions who systematically
recorded errors for each participant in each run. To support this analysis, a qualitative error
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taxonomy was defined, comprising three main categories: (i) confusion errors, involving
incorrect identification or misuse of objects required to complete a task; (ii) omission errors,
corresponding to missed actions or failure to maintain required resources (e.g., forgetting
to carry the toolbox across task locations); and (iii) task execution errors, related to difficulties
in performing specific procedural actions, such as valve manipulation or the assembly and
disassembly of components requiring coordinated bimanual interaction.

The taxonomy was primarily used to identify and interpret recurring error patterns
throughout the procedural workflow. Error categories were descriptively analyzed and
reported to support qualitative interpretation of procedural difficulties, rather than being
statistically compared as independent outcome variables.

Subjective measures were collected at the end of each run using a customized question-
naire (Table 3), including both perceived performance and subjective workload. Perceived
performance was used as a complementary indicator to objective measures, providing
insight into participants’ self-assessment of their execution rather than serving as a direct
proxy for actual performance.

For participants in the HMD-VR conditions (G2 and G3), the ITC-SOPI was adminis-
tered at the end of run 1 and run 2 to evaluate immersive experience during virtual training.

Neurophysiological activity was recorded continuously during each run using the
Mindtooth Touch EEG system while participants executed the full procedural workflow.
EEG signals were processed following the methodology described in [47] , from which CL
indicators were derived. More specifically, the EEG data were preprocessed offline using
a pipeline optimized for wearable EEG recordings in ecological operational settings [48].
Signals were band-pass filtered in the 2-30 Hz range, ocular artifacts were corrected using
a regression-based procedure, and residual movement- or muscle-related transients were
excluded using amplitude- and probability-based artifact rejection criteria [49]. After pre-
processing, EEG activity was analyzed in individualized frequency bands defined around
each participant’s individual alpha frequency. Cognitive load indicators were derived from
Global Field Power measures computed over frontal and parietal electrode clusters, follow-
ing previously validated neurometric formulations. In particular, EEG-derived cognitive
load was estimated from the ratio between frontal theta activity and parietal alpha activity,
reflecting increased executive control and reduced cortical idling during more demanding
task execution. Values were normalized within participants to account for inter-individual
differences in absolute EEG amplitude and spectral distribution.

4.6. Data Analysis

Statistical analyses were conducted to evaluate both performance outcomes and cogni-
tive demands across repeated executions and between training conditions.

To address RQ1 from a comparative perspective, final performance outcomes (com-
pletion time and error rate) were first analyzed within a non-inferiority framework. Non-
inferiority margins were defined a priori based on operational relevance and expert judg-
ment from domain specialists involved in the design and validation of the training scenario.
For completion time, the margin was specified as a maximum acceptable deviation of 15%
from the expected duration of the physical procedure. Given a procedure duration of
approximately 12 min, this corresponded to a threshold of about 1.8 min. This deviation
was considered operationally acceptable because it would not affect task completion, proce-
dural sequencing, or safety outcomes. For procedural accuracy, the margin was set at one
additional error, corresponding to less than 7% of the total workflow steps. This threshold
was considered the maximum acceptable deviation while maintaining procedural validity.
The definition of these margins was independent of the observed data and completed
prior to the analysis, ensuring that the non-inferiority assessment does not rely on post

https:/ /doi.org/10.3390/app16147005


https://doi.org/10.3390/app16147005

Appl. Sci. 2026, 16, 7005

13 of 30

hoc adjustments. Non-inferiority was assessed by estimating 95% bootstrap confidence
intervals of the differences between G2-G1 and G3-G1, using 1000 bootstrap resampling
iterations. Non-inferiority was concluded when the upper bound of the confidence interval
remained below the predefined margin. Confidence intervals were computed using a
bootstrap resampling procedure applied to pairwise differences between groups. As a
result, the intervals reflect variability in the difference distribution and may appear rel-
atively wide or asymmetric, particularly in the presence of small sample sizes and high
within-group variability.

Within-group effects of repetition (run 1, run 2, run 3) were analyzed separately for
each group (G1, G2, G3) using Friedman tests. This non-parametric test was selected as
it is appropriate for repeated measures designs involving dependent samples and does
not assume normality of the data. Where significant effects of repetition were observed
(p < 0.05), post-hoc pairwise comparisons were performed using the Durbin-Conover
procedure with appropriate correction for multiple comparisons, in order to identify differ-
ences between specific runs.

Between-group differences were assessed using Kruskal-Wallis tests. This non-
parametric test was chosen as it allows comparison across independent groups without
assuming normal data distribution. These analyses were conducted at each run (run 1, run
2, and run 3) to evaluate differences between training modalities under each experimental
condition. When significant between-group effects were detected (p < 0.05), post-hoc
pairwise comparisons were conducted using the Dwass-Steel-Critchlow-Fligner proce-
dure. This method was selected as it is specifically designed for non-parametric multiple
comparisons following Kruskal-Wallis tests and is robust to unequal sample sizes.

For both Friedman and Kruskal-Wallis tests, the x? statistic represents the extent to
which ranked observations differ across conditions. Larger x? values indicate stronger
deviations from the null hypothesis, reflecting greater differences across runs or between
groups, whereas smaller values indicate more similar distributions. In this study, the null
hypothesis for the Friedman test assumes no differences across repeated executions, while
for the Kruskal-Wallis test it assumes no differences between training groups. Significant
x? values (p < 0.05) in the Friedman tests indicate changes across runs, reflecting learning
effects, whereas non-significant values indicate stability of the measured variable. Similarly,
for the Kruskal-Wallis tests, significant x> values (p < 0.05) indicate differences between
groups, while non-significant values indicate that no statistically detectable differences
were found between training modalities.

To complement hypothesis testing and provide a clearer interpretation of the re-
sults, effect size measures were computed to quantify the magnitude of observed dif-
ferences. Kendall’'s W was used for Friedman tests, and epsilon-squared (¢2) was used
for Kruskal-Wallis tests, providing an estimate of the practical relevance of statistically
significant findings.

Subjective immersive experience, assessed through ITC-SOPI, was analyzed for the
HMD-VR conditions (G2 and G3) using non-parametric methods. Between-group com-
parisons at each run were performed using Mann-Whitney U tests, while within-group
changes across runs were analyzed using Wilcoxon signed-rank tests.

In addition, errors were examined through a qualitative approach based on the defined
error taxonomy. Errors were systematically recorded and categorized, and the analysis
focused on identifying recurring error types and their distribution across the different steps
of the procedural workflow.

Descriptive statistics are reported as medians and interquartile ranges (IQR), in line
with the non-parametric statistical approach and to provide a robust representation of
central tendency and variability.
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All statistical analyses were performed using Jamovi (version 2.6.44). The significance
level was set at & = 0.05 for all inferential tests.

5. Results
5.1. Non-Inferiority Analysis

Non-inferiority analyses were conducted on final performance outcomes measured
during run 3, focusing on completion time and error rate (Table 4). Descriptive statis-
tics showed similar median values across groups for both measures, with overlapping
interquartile ranges, indicating comparable performance distributions.

For completion time, the differences between HMD-VR conditions and physical train-
ing were assessed using bootstrap-based confidence intervals. The estimated 95% confi-
dence interval for the G2-G1 comparison ranged from —118.9 to 101.9 s, while the G3-G1
comparison ranged from —121.8 to —82.6 s. In both cases, the intervals remained en-
tirely below the predefined non-inferiority margin (+15%), indicating that execution times
achieved after HMD-VR training were not inferior to those obtained through physical
training. Although the confidence interval for the G2-G1 comparison is relatively wide,
reflecting variability associated with the sample size, it remains entirely within the prede-
fined non-inferiority margin. From an operational perspective, this margin corresponds to
a deviation that domain experts considered acceptable without compromising task safety
or procedural effectiveness. The width of the interval should therefore be interpreted as
reflecting statistical uncertainty due to data variability and limited sample size, rather than
as evidence of reduced training effectiveness.

Table 4. Descriptive statistics and non-inferiority analysis for completion time and error rate measured

during Run 3.
Outcome Group Median IOR Comp. 95% CI Conclusion
Completion Time (s)
Gl 721 216 - - Reference
G2 725 166 G2-G1 [—118.9,101.9] Non-inferior
G3 706 175 G3-G1 [—121.8, —82.6] Non-inferior
NI margin +15%
Procedural Error Rate
Gl 0 1.0 - - Reference
G2 0 0.8 G2-G1 [—0.47,0.75] Non-inferior
G3 1 0.8 G3-G1 [—0.17,0.80] Non-inferior
NI margin +1 error

A similar pattern was observed for error rate. Median values were low across all
groups, and the 95% confidence intervals for the G2-G1 and G3-G1 comparisons ranged
from —0.47 to 0.75 errors and from —0.17 to 0.80 errors, respectively. Both intervals
remained below the predefined margin of one additional error, indicating that HMD-VR
training did not lead to an increase in procedural errors during real-world execution.

Overall, these findings support the non-inferiority of HMD-VR training relative
to physical training for both efficiency and accuracy outcomes during real-world
task execution.

5.2. Effects of Repetition

Within-group analyses revealed a consistent effect of repetition across all measures
(Table 5), reflecting progressive learning and adaptation throughout the experimental
sessions. Large effect sizes were observed for completion time, error rate, and subjective
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performance across all groups (Kendall’s W > 0.6) in most cases, indicating substantial and
practically meaningful improvements over repeated executions. Moderate effect sizes were
observed for NASA-TLX, while EEG-derived CL showed negligible effect sizes (W < 0.05),
suggesting stable neurophysiological engagement across runs.

Table 5. Summary of statistical analyses for within-group (Friedman test) and between-group
(Kruskal-Wallis test) comparisons across performance and cognitive measures. For within-group
analyses, results are reported separately for each group (G1, G2, G3), while between-group compar-
isons are presented for each run (run 1, run 2, run 3). Test statistics are expressed as x2 values with
corresponding p-values. Effect sizes are reported as Kendall’'s W for Friedman tests and epsilon-
squared (¢2) for Kruskal-Wallis tests.

Measure Condition G1 G2 G3
Within-group comparisons (Friedman test)
Completion Time x> 23.3 19.9 18.2
p-value <0.001 <0.001 <0.001
Kendall's W 0.78 0.71 091
Error Rate x> 18.9 20.1 14.2
p-value <0.001 <0.001 <0.001
Kendall's W 0.63 0.72 0.71
NASA-TLX X2 8.37 10.9 10.1
p-value 0.015 0.004 0.006
Kendall's W 0.28 0.39 0.51
EEG CL x> 1.20 1.00 0.60
p-value 0.549 0.607 0.741
Kendall's W 0.04 0.04 0.03
Subjective Performance 2 26.1 20.9 7.13
p-value <0.001 <0.001 0.028
Kendall's W 0.87 0.75 0.36
Between-group comparisons (Kruskal-Wallis test)
Measure Condition Run1 Run 2 Run 3
Completion Time x> 3.20 2.66 0.003
p-value 0.202 0.265 0.998
€2 0.03 0.02 0.00
Error Rate x> 1.39 7.75 233
p-value 0.499 0.021 0.312
e 0.00 0.16 0.01
NASA-TLX x> 7.05 8.36 0.645
p-value 0.029 0.015 0.724
& 0.14 0.18 0.00
EEG CL x> 1.67 0.673 1.13
p-value 0.435 0.714 0.569
& 0.00 0.00 0.00
Subjective Performance 2 0.476 0.633 0.476
p-value 0.788 0.729 0.788
& 0.00 0.00 0.00

Completion time significantly decreased in all groups (Figure 4a; Table 5), indicating

improved procedural efficiency. While G1 exhibited a rapid improvement followed by a
plateau between run 2 and run 3, G2 and G3 showed a more gradual but continuous reduc-
tion across runs. Post-hoc analyses (Durbin—Conover) (Table 6) revealed that reductions in
completion time were primarily driven by significant differences between Run 1 and both
Run 2 and Run 3 (p < 0.001 across groups), while no significant differences were observed
between Run 2 and Run 3 in most cases, indicating stabilization of performance.
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A similar trend was observed for error rate, which significantly decreased in all groups
(Figure 4b; Table 5), indicating improved accuracy over repeated executions. Error reduc-
tions occurred early in G1 and more progressively in the HMD-VR conditions, suggesting
ongoing refinement of procedural execution. Post-hoc comparisons (Table 6) confirmed
that reductions in error rate were primarily concentrated between Run 1 and subsequent
runs, while differences between Run 2 and Run 3 were generally not significant, indicating
stabilization of accuracy after the initial learning phase.

Subjective performance ratings increased significantly across runs (Table 5), reflecting
improved self-perception of execution quality. In parallel, perceived CL (NASA-TLX)
significantly decreased in all groups (Figure 4c; Table 5), suggesting progressive adaptation
and reduced perceived effort. Post-hoc analyses (Table 6) indicated that reductions in
perceived workload were mainly driven by significant differences between Run 1 and later
runs, although some variability across groups was observed.

In contrast, EEG-derived CL did not show significant changes across runs (Figure 4d;
Table 5), indicating stable neurophysiological demand despite improvements in perfor-
mance and perceived workload.

Table 6. Results of post-hoc pairwise comparisons following significant Friedman tests (within-group)
and Kruskal-Wallis tests (between-group) across performance and cognitive measures. Pairwise
comparisons for within-group analyses were conducted using the Durbin-Conover procedure and are
reported separately for each group (G1, G2, G3) across runs (Run 1-3). For between-group analyses,
pairwise comparisons were performed using the Dwass—Steel-Critchlow—Fligner procedure and
are reported for each run. Only comparisons associated with statistically significant omnibus tests
are included.

Measure Condition G1 G2 G3
Within-group comparisons (Friedman test)
Completion Time Run1vs. Run2 <0.001 <0.001 <0.001
Runlvs.Run3 <0.001 <0.001 <0.001
Run2vs. Run3 0.072 0.026 <0.001
Error Rate Run1vs. Run2 <0.001 <0.001 0.018
Runlvs.Run3 <0.001 <0.001 <0.001
Run2vs. Run3 0.281 0.003 <0.001
NASA-TLX Runlvs.Run2 0.045 0.405 1
Run1vs. Run3 0.003 <0.001 0.002
Run2vs. Run3 0.259 0.006 0.002
Subjective Performance Run1vs. Run2 <0.001 <0.001 0.361
Run1vs. Run3 <0.001 <0.001 0.006
Run2vs. Run3 <0.001 <0.001 0.046
Between-group comparisons (Kruskal-Wallis test)
Measure Condition Run1 Run 2 Run 3
Error Rate G1vs. G2 - 0.401 -
Glvs. G3 - 0.015 -
G2vs. G3 - 0.287 -
NASA-TLX G1vs. G2 0.339 0.131 -
Glvs. G3 0.024 0.016 -
G2vs. G3 0.369 0.560 -
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Figure 4. Evolution of performance and cognitive measures across runs for each experimental
group. Completion time (a) and error rate (b) progressively decrease, indicating improvements in
procedural efficiency and accuracy over repeated executions. Perceived CL (NASA-TLX) (c) decreases
across runs, reflecting reduced perceived effort, while EEG-derived CL (d) remains relatively stable,
suggesting consistent neurophysiological demand despite performance improvements. Error bars
represent the interquartile range (IQR).
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In addition, a qualitative analysis of error types was conducted based on the prede-
fined error taxonomy (Table 7). Errors were systematically recorded during execution and
categorized into confusion, omission, and task execution errors. The analysis examined
their distribution across tasks and training conditions, enabling the identification of re-
curring error patterns. Confusion errors were predominantly observed in tasks involving
lockout procedures, where participants were required to correctly identify and apply dif-
ferent locking mechanisms. Additional confusion emerged in valve management tasks,
where participants struggled to identify the correct operational sequence. In the HMD-VR
training conditions, approximately 60% of participants exhibited confusion during the
injtial run. Omission errors were mainly associated with failure to transport essential tools
between task locations, requiring participants to interrupt the procedure and correct the
omission. Task execution errors were primarily associated with complex manipulative
actions, such as pipe disassembly and assembly, often requiring coordinated bi-manual
interaction. Overall, approximately 70% of errors occurred during the first run in the HMD-
VR conditions, followed by a substantial reduction in subsequent runs, with near-zero error
rates in the final executions. This pattern indicates a strong learning effect and progressive
procedural mastery.

Table 7. Distribution of error categories by task and experimental group across runs. Values are
reported as Confusion/Omission/Task Execution errors (C/O/TE). T1-T15 correspond to the se-
quential tasks described in Table A1.

Group T1 T2 T3 T4 T5 Teé T7 T8 T9 T10 T11 Ti12 T13 T14 T15 Total
Run1

G1 - - 7/0/2 2/0/0 3/0/2 - 0/5/0 0/3/0 - 0/3/0 - - 0/1/3 0/1/2 0/0/4 38

G2 2/0/1 1/0/1 8/0/1 4/0/2 3/0/1 - 1/4/0 0/1/0 - 0/2/0 - - 1/1/5 0/0/3 0/0/4 46

G3 1/0/0 - 3/0/1 - 4/0/2 - - - - - - - 0/1/4 0/0/2 0/0/5 23
Run 2

G1 - - 1/0/1 - 1/0/0 - - 1/1/0 - 0/1/0 - - 0/0/1 0/0/1 0/0/1 9

G2 1/0/1 1/0/0 3/0/1 1/0/0 1/0/0 - 0/0/1 - - - - - 1/0/3 0/0/1 0/0/2 16

G3 2/0/0 - 1/0/1 - 2/0/1 - - - - - - - 0/0/3 0/0/2 0/0/4 16
Run 3

G1 - - 1/0/0 - 1/0/0 - - 0/1/0 - 0/1/0 - - 0/0/1 0/0/1 0/0/1 7

G2 - - 1/0/0 - 1/0/0 - 1/0/0 - - - - - 0/0/2 0/0/1 0/0/2 8

G3 - - 1/0/0 - 2/0/0 - - - - - - - 0/0/2 0/0/1 0/0/2 8

Descriptive statistics (median and interquartile range, IQR) for all measures are re-
ported in Figure 4, supporting the observed trends.

Overall, across all groups, significant improvements in procedural efficiency and accu-
racy were observed over repeated executions, as reflected by reductions in run completion
time and error rate. Subjective performance increased, while perceived CL decreased,
indicating progressive adaptation to the task. In contrast, EEG-derived CL remained stable
across runs, suggesting that improvements in performance and perceived workload were
not accompanied by measurable changes in neurophysiological demand. In conclusion, the
inclusion of effect size measures enables a more robust interpretation of the magnitude of
observed effects, providing additional insight beyond statistical significance, particularly
in the presence of limited sample size. The post-hoc analyses consistently indicate that
learning effects are concentrated between run 1 and run 2, while run 3 lead to performance
stabilization rather than further statistically significant improvements.
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5.3. Between-Group Comparisons

Between-group analyses were conducted to compare training modalities at each stage
of the experiment.

At run 1 (Figure 4), no significant differences were observed between groups in com-
pletion time, error rate, EEG-derived CL, or subjective performance, indicating comparable
initial conditions. A significant difference was observed only for NASA-TLX, with higher
perceived CL in G3 compared to G1. Effect size analysis revealed moderate-to-large ef-
fects for NASA-TLX during early runs (¢2 = 0.14-0.18) (Table 5), indicating meaningful
differences in perceived workload across training conditions.

At run 2 (Figure 4), no differences were observed in completion time, EEG-derived
CL, or subjective performance. However, significant differences emerged in error rate, with
higher error rates in G3 compared to G1 (p = 0.015), and in perceived CL, again higher
in G3. The effect size analysis revealed a moderate effect size (€2 = 0.16) (Table 5). Post-
hoc comparisons (Dwass—Steel-Critchlow—Fligner) (Table 6) indicated that this difference
was primarily driven by higher error rates in G3 compared to G1, while no significant
differences were observed between other group pairs.

At run 3 (Figure 4), corresponding to the real-world evaluation, no statistically signif-
icant differences were observed between groups for any measure, including completion
time, error rate, EEG-derived CL, NASA-TLX, or subjective performance. This result is
further supported by negligible effect sizes across all measures (¢? = 0) (Table 5), indicating
that differences observed during training did not persist and confirming convergence in
both performance and cognitive demand across training modalities.

Median values were highly comparable across groups, with overlapping interquartile
ranges, indicating strong convergence in procedural performance and cognitive demand
regardless of training modality (Figure 4).

Overall, between-group analyses revealed no differences at run 1 for most measures,
ensuring comparability, and no differences at run 3, indicating convergence towards similar
performance and cognitive outcomes across training modalities. Temporary differences
observed at run 2, particularly for error rate and perceived CL, did not persist in the final
execution. In conclusion, post-hoc analyses indicate that between-group differences are
limited to run 1 and run 2 and do not persist in run 3, confirming convergence across
training conditions.

5.4. Subjective Immersive Experience (ITC-SOPI)

Immersive experience was evaluated for the HMD-VR conditions (G2 and G3) across
the two training sessions using ITC-SOPI; values are reported in Table 8. No statistically
significant differences were observed between groups for any dimension at either ses-
sion, including spatial presence, engagement, realism, and negative effects. Within-group
analyses revealed limited but selective changes across runs. In particular, a significant
decrease was observed in spatial presence for G3 and in realism for G2, while no significant
changes were found for the remaining dimensions. Across runs, spatial presence and
realism generally showed a slight decrease, whereas engagement remained consistently
high and negative effects remained low.

Table 8. ITC-SOPI results across runs for HMD-VR conditions (medians and statistical comparisons).

Dimension Group Run 1 Run 2 Within p Between p (R1) Between p (R2)
. G2 5.57 5.29 0.152
Spatial Presence c3 5 64 493 0.042 0.977 0.725
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Table 8. Cont.
Dimension Group Run1 Run 2 Within p Between p (R1) Between p (R2)

G2 5.43 5.64 0.209

Engagement c3 536 599 0.193 0.518 0.792
. G2 4.79 4.14 0.041

Realism G3 464 400 0.221 1.00 0.639
. G2 3.00 2.57 0.306

Negative Effects G3 279 3,00 0.919 0.557 0.725

6. Discussion

This study investigated the effects of repetition and training modality on performance
and cognitive demand in confined-space operations, with a particular focus on learning
dynamics across training sessions and final real-world execution.

Accordingly, the study aims to evaluate whether HMD-VR training enables users to
achieve performance and cognitive demand profiles that align with those obtained through
physical training when assessed in a shared real-world environment.

6.1. RQ1: Performance and Learning Dynamics

RQ1 examined whether hands-free, bi-manual HMD-VR training results in real-world
performance comparable to that achieved through physical training. Overall, the results in-
dicate that HMD-VR training can support operationally comparable performance outcomes
under the conditions investigated, without observable degradation in real-world execution.

Across all groups, significant improvements in procedural efficiency and accuracy
were observed over repeated executions, as reflected by reductions in completion time and
error rate (Figure 4a,b). These findings confirm that repetition supports skill acquisition
regardless of training modality. This trend is further supported by the qualitative analysis
of error types. The majority of errors occurred during the initial training phase (Table 7) and
were primarily associated with confusion, omission, and task execution difficulties. The
substantial reduction of these errors across subsequent runs suggests that repeated exposure
not only improves overall performance but also enables participants to progressively
resolve specific sources of misunderstanding and difficulty, leading to more accurate and
consistent procedural execution. However, the analysis of learning dynamics (Figure 4a,b)
highlights differences in the rate and progression of learning. In G1, performance improved
rapidly between run 1 and run 2 and subsequently stabilized, suggesting early attainment of
proficiency. In contrast, G2 and G3 exhibited a more gradual and continuous improvement
across runs, indicating a more progressive learning trajectory, particularly in terms of
procedural accuracy. These patterns suggest that physical training promotes faster initial
performance gains, whereas HMD-VR training supports a more sustained and progressive
learning process. Post-hoc analyses (Table 6) support this interpretation, showing that
improvements occur primarily between run 1 and run 2, while the absence of significant
differences between run 2 and run 3 indicates stabilization of performance. Despite these
differences in learning dynamics, all groups reached similar levels of performance during
the final real-world evaluation. This convergence is quantitatively supported by between-
group effect sizes at run 3 (€ = 0), indicating that performance differences across training
modalities disappear at the final stage. Temporary variations observed during the training
phase, such as higher error rates in G3 at run 2, did not persist, indicating that early
performance differences do not impact final procedural outcomes.

It is important to note that the present study was conducted on a non-expert popula-
tion and within a controlled approximation of real confined-space conditions. As such, the
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results primarily reflect learning dynamics under controlled experimental settings. Trained
operators may exhibit different baseline skills, procedural strategies, and levels of familiar-
ity with immersive technologies, which could influence training effectiveness. In addition,
while key spatial and procedural constraints were reproduced, including restricted mobil-
ity, structured workflow, and physical interaction demands, other factors typical of real
industrial environments, such as reduced visibility, thermal stress, and time pressure, were
not explicitly simulated. These aspects may influence both performance and cognitive
demand in real-world scenarios and should therefore be considered when interpreting the
transferability of the present findings. However, these findings are particularly relevant
in the context of confined-space operations, characterized by their Dangerous, Infrequent,
Complex, and Expensive (DICE) nature, where access to realistic and repeatable training
environments is inherently limited. In such settings, the primary objective of training is to
provide safe, accessible, and controlled alternatives rather than to outperform traditional
methods. Within this perspective, the observed non-inferiority of HMD-VR training rel-
ative to physical training represents a relevant result, as it indicates that HMD-VR can
achieve performance outcomes within operationally acceptable limits without introducing
additional risk. Despite the potential simplification of certain environmental aspects, the
ability of HMD-VR to deliver controlled, repeatable, and risk-free training scenarios makes
it a valuable tool for improving safety and preparedness in high-risk operations, even
considering possible variability in user acceptance and interaction. This finding is rein-
forced by the observed convergence in performance and cognitive demand across groups
during the final real-world evaluation (Figure 4), suggesting that HMD-VR may provide
a preparatory training approach capable of achieving outcomes comparable to physical
training under controlled conditions.

In addition, subjective performance ratings increased consistently across runs and
aligned with objective improvements. This convergence indicates that participants were
aware of their performance gains, reinforcing the validity of the observed learning effects.

Taken together, these findings provide evidence consistent with the interpretation
of a training transfer mechanism underlying the observed results. The non-inferiority of
HMD-VR training appears to be associated with the high correspondence between virtual
and real task execution. In particular, the combination of hands-free bi-manual interaction,
procedural equivalence, and repeated exposure is likely to facilitate the development of
motor and cognitive patterns consistent with those required in the physical environment.
This alignment provides a plausible explanation for the convergence in performance ob-
served across conditions. The consistency of this pattern across multiple measures further
suggests that the identified mechanism reflects a general training process rather than a
sample-specific effect.

6.2. RQ2: Cognitive Demand and Adaptation

RQ2 examined whether HMD-VR training is associated with differences in cognitive
demand during real-world execution. No significant between-group differences were
observed at the final evaluation for either subjective workload (NASA-TLX) (Figure 4c)
or EEG-derived CL (Figure 4d), indicating comparable cognitive demands across training
modalities. This result is further supported by effect sizes, confirming that training modality
does not influence neurophysiological demand during final task execution. These findings
suggest that HMD-VR training does not appear to impose additional cognitive demands
compared to physical training under the conditions investigated, supporting its suitability
as a training approach that does not negatively affect cognitive resource allocation during
real-world execution.
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Analysis over time revealed a clear pattern of adaptation. Subjective workload
decreased significantly across runs in all groups, indicating that participants experi-
enced the procedure as progressively less demanding with repeated exposure and
increasing familiarity.

In this perspective, stable EEG-derived CL should not be interpreted as the absence of
neurocognitive adaptation, but rather as the absence of detectable changes in this specific
EEG-derived index when averaged across the full procedural execution. One possible
interpretation is that participants become more efficient in their use of cognitive resources.
As procedural knowledge increases, task execution may require less conscious effort and
reduced uncertainty, leading to lower perceived workload. At the same time, stable
EEG-derived CL may reflect the sustained engagement of underlying cognitive processes
necessary to correctly perform the procedure.

This pattern is consistent with the transition from effortful to more efficient processing,
where improvements in performance are driven by better organization and automation
of task-related actions rather than by a reduction in intrinsic task complexity. In this
perspective, cognitive demand remains stable in terms of overall resource activation, while
perceived effort decreases due to increased familiarity and procedural competence.

Differences observed during the training phase, particularly the higher perceived
workload in G3 during the initial runs, were not present during the final evaluation. This
indicates that the additional cognitive demand associated with the multisensory HMD-VR
condition is primarily limited to early exposure and is progressively reduced through
experience and task familiarization.

Overall, no evidence of additional cognitive burden was observed during the fi-
nal real-world evaluation in participants trained with HMD-VR compared with those
trained physically.

6.3. Subjective Experience and Immersion

In addjition to performance and cognitive measures, subjective immersive experience
was assessed through ITC-SOPI (Figure 5).

No significant differences were observed between G2 and G3 across ITC-SOPI dimen-
sion suggesting comparable perceived immersion across HMD-VR configurations. This
result should be interpreted with caution, as the limited and non-diverse sample, due
to hardware constraints, may have reduced the statistical power of the comparison. In
this context, the multisensory configuration (G3) should be considered exploratory, aimed
at investigating the potential contribution of additional haptic and kinesthetic feedback,
which did not appear to substantially influence subjective experience under the conditions
investigated. Importantly, the absence of significant differences should not be interpreted
as evidence that the additional feedback was imperceptible. Participants in G3 were able to
perceive tactile and kinesthetic cues during interaction; however, these effects remained
localized to the interaction experience and were not reflected in measurable differences
in overall performance, cognitive demand, or immersive experience under the conditions
investigated. Observed changes across repeated exposure suggest an adaptation effect,
where familiarity with the virtual environment may reduce perceived novelty and slightly
affect dimensions such as presence and realism, without impacting overall engagement.
While the G3 condition provides initial insights into the role of multisensory feedback, its
interpretation remains limited by sample characteristics. Nevertheless, the main findings of
the study are not dependent on the comparison between HMD-VR configurations, as they
are primarily supported by the overall convergence observed across training modalities.
Overall, these findings indicate that HMD-VR training provides a stable and well-tolerated
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experience, characterized by consistently high engagement and low negative effects, re-
gardless of the presence of additional multisensory feedback.
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Figure 5. Evolution of ITC-SOPI dimensions across runs for the HMD-VR conditions (G2 and G3).
Spatial presence (a) and perceived realism (c) show a decreasing trend between run 1 and run 2,
whereas engagement (b) and negative effects (d) remain relatively stable across runs, indicating
sustained involvement and consistent user experience over time.

6.4. Integrated Interpretation

Taken together, the results provide a coherent picture of learning, performance, and
adaptation (Table 9).
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Repeated exposure leads to significant improvements in performance and reductions
in perceived workload, reflecting progressive task familiarization. While different training
modalities produce distinct learning trajectories, all groups ultimately converge toward
comparable levels of performance and cognitive demand.

The combination of stable EEG-derived CL, decreasing subjective workload, and
consistent immersive experience suggests that training enhances efficiency primarily at
the experiential level, without reducing the overall cognitive demands of the task. While
subjective immersion remained comparable across conditions, minor within-group changes
suggest a progressive adaptation effect over repeated exposure.

Overall, these findings support the potential of HMD-VR as a controlled tool for novice
procedural familiarization in simulated confined-space training scenarios.

Table 9. Integrated interpretation of results across measures and research questions.

Measure

Learning Dynamics Final Outcome Implication

Completion Time
Error Rate

NASA-TLX
EEG CL

ITC-SOPI

Rapid (G1) vs. gradual (G2/G3) Convergence at Run 3

High and stable with selective
decreases

Different learning paths, same
outcome
Procedural accuracy acquired

Progressive reduction Convergence at Run 3 o
across modalities
. R i £f ith
Decreases across runs No differences at Run 3 ec.h%ced perceived effort wit
training
Stable across runs No differences Cognitive demand maintained

Immersion stable across
No differences (G2 vs. G3) conditions, with minor
adaptation effects over time

7. Conclusions and Future Work

This study evaluated the effectiveness of a hands-free HMD-VR training system for
procedural preparation in confined-space operations under constrained training conditions.

An experimental protocol compared two HMD-VR configurations with real-world
physical training using a shared multi-step scenario and a real-world evaluation.

Results showed significant performance improvements across repeated executions,
with reduced completion time and error rate in all groups. No between-group differences
were observed during the final evaluation, and non-inferiority analyses indicated that
HMD-VR training did not result in poorer performance compared to physical training
within predefined operational margins. Similarly, no differences emerged in cognitive
demand, although perceived workload decreased over time.

Taken together, these findings suggest that, under the controlled conditions investi-
gated, HMD-VR training enables real-world execution and cognitive demand profiles com-
parable to those obtained through physical training. These results support its potential as a
safe and accessible training approach for confined-space operations, particularly in DICE
scenarios where real-world training opportunities are limited. However, these conclusions
should be interpreted within the scope of the study, which involved a controlled setup and
a non-expert population, and therefore primarily reflect novice procedural familiarization.

No differences were observed between HMD-VR configurations, suggesting that
hands-free immersive interaction may be sufficient to support procedural training under
the conditions investigated. Nevertheless, this interpretation remains preliminary due
to the exploratory nature of the multisensory condition and the limited sample size, and
further research is required to clarify the role of additional sensory feedback.

Some limitations should be acknowledged. The use of a non-expert and relatively
small sample, as well as group imbalance and hardware constraints, may limit generalizabil-
ity. No a priori power analysis was conducted, and the sample size was determined based
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on practical feasibility, equipment availability, and recruitment constraints. Consequently,
the study may have been underpowered to detect small or moderate between-group effects,
particularly in the G3 condition. The experimental environment, while controlled, does
not fully reproduce highly constrained confined spaces, and error coding was performed
by a single observer, which may introduce potential subjectivity in error classification. In
addition, cognitive load was analyzed at the run level, potentially masking phase-specific
variations, and no delayed assessment was conducted, limiting conclusions about long-term
retention. Future work should extend the study to larger and more diverse populations,
including trained operators, and investigate long-term retention, phase-specific cognitive
dynamics, and training transfer across different procedural scenarios. Further research is
also needed to explore the role of multisensory feedback and adaptive training strategies in
more ecologically valid conditions.

Overall, this study provides empirical evidence supporting the potential of HMD-VR
as a viable approach for novice training and procedural familiarization in confined-space
operations under controlled conditions, while highlighting the need for further validation
with professional operators in real industrial contexts.
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Appendix A. HMD-VR User Scenario

Table Al. Procedural workflow tasks implemented in the HMD-VR training system.

Task Figure Title and Description

Electrical Power Interruption : This task requires interruption of the
electrical power supply through interaction with the main electrical
control panel. The user opens the protective panel cover and engages the
main circuit breaker. Correct interaction is confirmed through visual
highlighting, vibrotactile feedback, and auditory signals. Successful task
completion is indicated by the switch transitioning to the off position and
by activation of the corresponding indicator light

T1

Toolbox Access: The user approaches the workbench and opens the
toolbox by interacting with its central metal latch. The contents of the
toolbox become visible and accessible, enabling retrieval of safety devices
and hand tools required for subsequent tasks.

T2

Application of Electrical LockOut Device: The user retrieves a LockOut
device from the toolbox and applies it to the electrical circuit breaker to
mechanically prevent reactivation. Successful placement is confirmed via
visual, auditory, and vibrotactile feedback. This task must be completed
before any downstream operations are enabled.

T3

Upstream Steam Valve Closure: The user closes the upstream steam valve
located near the electrical control panel. The task requires grasping and
rotating the valve by 90 degrees to interrupt steam flow. During the
operation, the system provides resistive force feedback and visual cues to
simulate real mechanical resistance.

T4

LockOut/TagOut (LOTO) of Upstream Valve: A second LockOut/TagOut
device is retrieved from the toolbox and applied to the upstream steam
valve to prevent accidental rotation. Task completion is confirmed via
multimodal feedback and is mandatory before proceeding.

T5

Visual Verification of Pressure Verification: The user visually inspects the
pressure gauge and verifies that the safety valve is correctly aligned with
the gauge conduit and that the pressure reading corresponds to the
expected operational value. This task requires perceptual assessment
without physical interaction.

T6
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Table Al. Cont.

Task Figure

Title and Description

T7

T8

T9

T10

T11

T12

T13

Vent Valve Opening : The user opens the vent valve located on the main
pipeline by rotating it 90 degrees. Visual highlighting, auditory cues,
vibrotactile feedback, and resistive force are provided during manipulation
to confirm correct execution and simulate physical effort.

Pressure Discharge Verification: The user observes the pressure gauge
display and confirms the progressive reduction of pressure until
stabilization at 0 bar, indicating successful system depressurization. Upon
verification, the toolbox is closed and transported to the next

operational area.

Multigas Measurement (Entry Area): The user retrieves the portable
multigas detector from the toolbox and activates measurement. Successful
acquisition of environmental data is indicated through a clearance
message on the display, accompanied by auditory and vibrotactile
feedback. The detector is then worn on the user’s torso.

Gate Valve Opening: The user opens the vertical gate valve (saracinesca) by
grasping and lifting its handle. The task provides force feedback opposing
the lifting motion, followed by confirmation of completion via vibrotactile
or force-based feedback.

Multigas Measurement (Operational Area): From the entry area, the user
performs a second gas measurement by extending the multigas detector
into the operational area. Authorization to enter the area is granted only
after successful clearance confirmation. The detector is then stored, and
the toolbox is repositioned inside the operational space.

Downstream Steam Valve Closure: The user closes the downstream steam
valve inside the operational area. Similar to the upstream valve task,
operation requires grasping and rotating the valve under simulated
mechanical resistance, with multimodal feedback confirming

task completion.

Bolt Unfastening Using Wrenches: The user retrieves two open-ended
wrenches from the toolbox and performs coordinated bimanual interaction
to unfasten bolts on the flanged pipe joint. One wrench stabilizes the bolt
head while the second applies rotational torque to loosen the nut. Once the
main bolt is removed, remaining bolts are released via

procedural animation.
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Table Al. Cont.

Task Figure Title and Description

T14

T15

Removal of Damaged Flanged Joint: The user grasps and removes the
damaged flanged joint from the pipeline and places it into the toolbox.
Visual and vibrotactile feedback confirms successful removal.

Installation of Replacement Flanged Joint: The user retrieves and positions
a new flanged joint between the pipe ends. Bolts and nuts are inserted and
fastened using coordinated bimanual wrench interaction. Correct
alignment and tightening are required to complete the task. Upon
successful completion, the system displays a final confirmation message
indicating that the system is ready for commissioning tests according to
applicable regulations.
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