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ABSTRACT

The increasing use of VR (Virtual Reality) training tools in safety-related fields has prompted the scientific
community to explore methods for assessing their effectiveness across different levels of immersion. While
numerous studies have been conducted in sectors such as healthcare, transportation, agriculture, aviation,
mining, firefighting, and construction, one area that remains underexplored is risk training for general public
against natural and man-made disasters in both indoor and outdoor built environments. In this context, the paper
aims at validating a prototype for VR multi-risk (heat wave and earthquake) training in urban open spaces that
was developed according to a Serious Game (SG) approach. To address insights on its extensive adoption, the VR-
SG was tested for comparison of three modes: traditional by video recording, non-immersive by desktop,
immersive by headset. Outputs from feedback questionnaires on knowledge gain and transfer to expansive
contexts, as well as on user experience, suggest that the effectiveness of knowledge acquisition differs signifi-
cantly between headset and video, as well as between desktop and video, but shows no significant difference
between headset and desktop. Additionally, while headset outperforms desktop in terms of engagement,
perceived usefulness, and realism, it falls behind in ease of use. Finally, further analyses on training outcome by
age, contents of open-ended answers, in-game errors and administration procedures supported the discussion of
key aspects in targeting VR for public safety communication.

1. Introduction

compared with traditional methods, such as video (Liang et al., 2019;
Poyade et al., 2021), paper-based material (Kinateder et al., 2013) and

The increasing use of VR (Virtual Reality) tools for education and
training across various fields has recently led the scientific community
to explore not only the innovative technical aspects of design and
development but also the methods for evaluating the effectiveness of
VR-based learning (Marques et al., 2024; Strojny and Duzmanska-Mis-
iarczyk, 2023). This interest has extended to safety training in sectors
such as health services, transportation, agriculture, aviation, mining,
fire and construction (Scorgie et al., 2024; Stefan et al., 2023), the latter
primarily focused on hazard identification and management on con-
struction sites and related operations (Akindele et al., 2024; Man et al.,
2024).

Key aspects in evaluating effectiveness of VR-based safety training
include its impact on knowledge acquisition and user experience in
comparative terms with other training tools. In many studies, VR is

lecture-based instruction (Dzeng et al., 2015; Nykanen et al., 2020),
with findings suggesting that VR performs as well or better. Other
studies compare different levels of immersion and devices, such as
headset-based training versus desktop-based training (Buttussi and
Chittaro, 2018; Dhalmahapatra et al., 2021; Jung and Ahn, 2018), with
some also including traditional methods, evaluating three different
modes (Buttussi and Chittaro, 2021; Makransky et al., 2019a). These
studies, like the present one, assume that a headset-based system offers
greater immersion than a desktop-based system, considering immersion
as an “objective property of a technology supporting natural sensorimotor
contingencies for perception, including the response to a perceptual action”
(Slater, 2018), and delivering “an inclusive, extensive, surrounding, and
vivid illusion of reality to the senses of a human participant” (Kisker et al.,
2021). Immersion is strictly associated with the technical aspects of a
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virtual system that aid the user in experiencing a sense of presence
(Wiepke and Heinemann, 2024; Wilkinson et al., 2021), understood as
the “subjective feeling of being in the virtual environment rather than the real
space” (Felton and Jackson, 2022), and generally assessed as being
higher in head-mounted displays than in screen applications and tradi-
tional methods, as a result of increased sensory stimuli, representation
fidelity, spatial realism, embodiment and agency (Buttussi and Chittaro,
2021, 2018; Dhalmahapatra et al., 2021; Grassini et al., 2020; Kim et al.,
2020; Makransky et al., 2019b; Pallavicini et al., 2019; Piccione et al.,
2019; Szoéstak et al., 2024),

In the studies comparing head-mounted, desktop and traditional
training, higher levels of immersion are generally associated with
improved knowledge acquisition and user experience, although differ-
ences are not always statistically significant and, in some cases, the re-
sults may even show a reverse trend for certain indicators or target
groups.

In fact, as seen in broader VR-based education and training litera-
ture, high immersion does not always lead to superior learning out-
comes, especially if implying excessive stimuli and burdens (Makransky
et al., 2019b), causing physical and psychological stress associated with
unused tools (Hedberg et al., 2000), or being unsuitable for users with
different spatial abilities and learning styles (Ai-Lim Lee et al., 2010;
Makransky et al., 2019). All these issues might also depend on the users’
learning context, age, gender and experiences in VR, resulting in a
different so-called user experience and usability (Anwar et al., 2018;
Lorenz et al., 2023). For instance, in some works, differences in per-
formance and experience between immersion levels are specifically
related to age groups, such as seniors showing higher memory using
desktop platforms rather than headsets, while expressing comparable
acceptance for the two modes (Plechata et al., 2019) or underperforming
in spatial-based performance by VR compared with VR plus a bird-view
map, and two-dimensional/2D map presentations (Lin and Yang, 2007).
Conversely, in other works the perceived learning outcomes of VR is
unaffected by age (Pedram et al., 2022).

Regarding the effectiveness of VR-based safety training in relation to
the levels of immersion, an underexplored area is risk training against
natural and man-made disasters in indoor and outdoor built environ-
ments. In fact, despite numerous studies on the development of VR so-
lutions, many of which follow a Serious Game (SG) approach (Feng
et al., 2018; Liu and Liu, 2025), there are no comparative assessments
between headset-based, desktop-based, and traditional solutions to the
best of the authors’ knowledge. However, this type of assessments is
highly desirable, particularly in the context of urban open spaces, such
as squares, parks and streets, due to their higher vulnerability and
exposure compared to indoor settings.

In general terms, open spaces are relevant scenarios for single and
multi-risk, because they can attract many users over time (up to possible
critical crowding conditions), but, at the same time, they seem to be
characterized by a limited implementation of specific structural and
non-structural risk mitigation strategies (Coaffee et al., 2009; Pacheco
Barzallo et al., 2022; Rosso et al., 2023; Yang et al., 2024). Recent efforts
to increase performance of open spaces using VR-based approaches have
been provided, e.g. in the context of users’ health and by promoting
participatory approaches to retrofit strategies design (Dane et al., 2024).
On the contrary, risk training actions are still limited to specific kinds of
disasters (mainly, tsunami, flood, hurricane) (Fujimi and Fujimura,
2020; Liu and Liu, 2025; Sermet and Demir, 2019). Since promoting
proper user behaviours through VR training could boost the safety of
open spaces pushing on disaster response and non-structural manage-
ment solutions, additional extensive efforts should comprise other
relevant scenarios and validation of relative VR solutions. Moreover, in
this field, assessment is crucial to validate diverse and flexible tools,
since different stakeholders (e.g., varying by age or familiarity with the
location) and interaction systems (computers, tablets, smartphones,
headsets) are involved, depending on the technological infrastructures
where the training might take place.
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Based on these considerations, the present research has aimed to
perform user-based assessments of a framework for VR multi-risk
training against earthquake and heat wave in urban open spaces that
was previously developed according to a SG approach (De Fino et al.,
2023). The user-based assessments have been designed for two com-
plementary objectives: (1) to compare immersive (Head Mounted
Display — HMD), non-immersive (PC) and recorded video (video) ver-
sions of the VR-SG, in order to demonstrate its efficacy and versatility,
while addressing the previously mentioned gap; (2) to validate the
training framework in terms of knowledge gain and user experience,
focusing on its novel features and related assessment challenges, while
drawing general considerations on how to make this and similar tools
more effective and pervasive in VR-based public safety communication.

To this end, the paper is structured as follows: Section 2 reviews
literature studies involving testing sessions of VR-based risk training in
buildings and urban built environments, focusing on natural and man-
made disasters; Section 3 describes the methodological workflow for
testing the different VR-SG prototype, detailing the training approach,
participant sample, feedback questionnaire, testing sessions and criteria
for data analysis; Section 4 presents comparative results related to im-
mersion levels, in comparative terms regarding the level of immersion,
with sub-analyses on age-based groups, contents of open-ended answers
and in-game errors; Section 5 discusses key findings of the analysis,
outlining their value for the broader dissemination of the proposed
systems.

2. Research background

The user-based assessments of the present study were designed based
on key validation criteria and testing procedures found in literature on
risk training for natural (e.g. fire, earthquake, flooding) and man-made
(e.g. terroristic attack) disasters in indoor and outdoor built environ-
ments, as summarized in Table 1. Additionally, the data analysis on
immersion levels was structured according to the experiences developed
in the general field of safety training, as referenced in the introduction
(Buttussi and Chittaro, 2021, 2018; Dhalmahapatra et al., 2021; Jung
and Ahn, 2018; Makransky et al., 2019a), as well using standard
methods of statistics for behavioural sciences.

Concerning the validation criteria for VR-based risk training in
buildings and built environments, these mainly focus on three key areas:
(1) demographics of participants; (2) knowledge acquisition/assessment; (3)
user experience.

Demographics of participants are assessed before the training session
to profile users, by focusing, in particular, on age and gender. The
sample group is generally related to the specific context, such as hospital
staff (Feng et al., 2020a), university students (Lovreglio et al., 2022),
rescue operators (Diez et al., 2016).

Knowledge acquisition/assessment relates to the efficacy and effec-
tiveness in communicating the training concepts and contents before
and after the training. It might be based on closed-ended questions
(Lovreglio et al., 2021; Shiradkar et al., 2021), including true or false
questions (Feng et al., 2022a) or open-ended questions (Chittaro and
Sioni, 2015; Lovreglio et al., 2022; Oliva et al., 2019; Rahouti et al.,
2021). Closed-ended questions are used to streamline the survey and
prevent ambiguous or irrelevant answers, while open-ended questions
help avoid prompting with possible answers and/or limited responses.
In some cases, a mixed approach is proposed depending on the types of
questions (D’Amico et al., 2023; Irshad et al., 2021) or to make the
survey less monotonous for specific target groups like children (Smith
and Ericson, 2009). In case of open-ended questions, a pre-set list of
right answers is defined by the researchers to enable quantitative
assessment of the free text answers. Alternatively, knowledge acquisition
can be evaluated by in-game surveys, including behavioural observa-
tions, such as researchers annotating actions/decisions during the game
(Lovreglio et al., 2018; Oliva et al., 2019) and parameters —like the time
and distance covered by players to complete tasks (Cao et al., 2019). In



Table 1
Validation criteria in literature.
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Risk Reference (i) (ii) (iii)

Demographics Knowledge Self- Self- Recommendation Recommendation Perceived Perceived Perceived Severity Self- Realism Representation Attention Presence Simulation Customization
acquisition reported reported simplicity efficacy usefulness ease of vulnerability reported fidelity level sickness
engagement efficacy use fear

Fire (Shiradkar x X X X
etal,
2021)
(Rahouti  x X X X X X X X
et al.,
2021)
(Oliva X X X X X X
et al.,
2019)
(Caoetal., x X X X X X X
2019)
(Smith X X
and
Ericson,
2009)
(Ther6n X X X X X X X
et al.,
2020)
(Lovreglio x X X X X
et al.,
2021)
Earthquake (Feng X X X X X X X
et al.,
2022a)
(Feng X X X X
etal.,
2020b)
(Lovreglio x X X X
et al.,
2018)
(Sukirman x X X
etal.,
2019)
Flood (Irshad X X X
et al.,
2021)
(D’Amico x X
et al.,
2023)
Terrorism (Lovreglio x X X X X X X X X X
et al.,
2022)
(Chittaro  x X X X X X X X X
and Sioni,
2015)
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this general context, comparisons with traditional methods, such as
slide-based training, videos and leaflets, demonstrate that innovative
tools are more effective and pervasive (Feng et al., 2022a; Lovreglio
et al., 2021; Rahouti et al., 2021; Shiradkar et al., 2021).

User experience is also a key factor to evaluate the tool/prototype
itself thanks to post-training surveys. Several indicators are commonly
used. Among them, the most recurring ones are: self-reported engagement,
namely interest, involvement, motivation and enjoyment during the
experience, e.g. (Shiradkar et al., 2021); perceived usefulness as the de-
gree to which a person believes that using a particular system would
enhance his/her performance, e.g. (Rahouti et al., 2021); perceived ease
of use as the degree to which a person believes that using a particular
system would be free of effort, e.g. (Feng et al., 2020a); recommendation
simplicity in applying the suggested actions in real life, often combined
with recommendation efficacy, assessing how the suggested actions are
beneficial in in mitigating risks from the simulated threat (Lovreglio
et al., 2021); realism related to the plausibility of the virtual environment
often combined with representation fidelity, which measures how closely
the virtual setting matches the real one, e.g. (Cao et al., 2019); severity
referring to how serious the individual believes that the threat would be
to his/her own life, closely connected with perceived vulnerability
denoting how personally susceptible an individual feels to the threat and
self-reported fear, standing between perceptions of severity and vulner-
ability and the level of the appraised threat, e.g (Irshad et al., 2021); self-
efficacy as the individual’s beliefs about whether he/she is able to
perform the recommended coping response, e.g. (Chittaro and Sioni,
2015); presence as the player’s sense of being a part of the virtual
environment, e.g. (Rahouti et al., 2021); and simulator sickness and
motion sickness that can be experienced as a side effect during and after
exposure to different virtual reality environments, e.g. (Theron et al.,
2020).

Finally, beyond the previous three main topics, recent works (Feng
et al., 2022b) also suggest that research perspective should be linked
with the knowledge transfer or skill transfer to expansive context. These
concepts, related to the capability of shifting from an artificial envi-
ronment to a real one that is similar or identical to the one in which the
knowledge and skills will be actually used in practice, are widely applied
in related VR training fields (Strojny and Duzmanska-Misiarczyk, 2023).
This issue seems to be particularly interesting in view of overcoming a
case-oriented approach in the research area. Similarly, the possibility to
investigate the role of repetitions following errors during the game is
pointed out as beneficial by other studies for strengthening the learning
process assuming that “mistakes are necessary steps in retracing informa-
tion rather than an undesirable outcome” (Chittaro and Buttussi, 2022).

3. User study

The methodological workflow has been developed to address the
research objectives.

In detail, the comparison between the three versions of the VR-SG
framework (HMD, PC, video) has been organized into four main pha-
ses: identification of the training approaches (including VR-SG pro-
totypes); (section 3.1); selection of topics and indicators to be measured
by a feedback questionnaire (section 3.2); definition of criteria for data
analysis (section 3.3); and, the design and implementation of the testing
procedure, including sample of participants (section 3.4).

3.1. Materials: Training framework

The training framework (Annex 1) is developed within the research
project BE2SECURE (De Fino et al., 2023) according to an innovative
approach:

m It is founded on a multi-risk vision, coupling SLow (SLOD) and
SUdden (SUOD) Onset Disasters. The specific risks (heat wave
as SLOD and earthquake as SUOD) were selected as the most
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relevant, based on the cross-assessment of available databases
on critical events in Italian cities, and were analyzed according
to a SLOD-to-SUOD approach: the SLOD resulting in higher
temperatures in certain areas, acts as the primary hazard and
alters the environmental conditions in the built environment,
potentially affecting the distribution of people, who may gather
in cooler areas.

It is set within a typological environment of urban square, with
representative features, based on the cluster analysis of real
case studies (D’Amico et al., 2021). The scene includes sche-
matic volumes, simple decorations and plain surfaces to bal-
ance realism and computational load.

It displays maps and patterns, resulting from rigorous analytical
simulations on surface temperature distribution and falling
debris, as well as from agent-based models of crowd position
and motion (Bernardini et al., 2023) to animate Non-Playable
Characters (NPCs).

Furthermore, in terms of operational functionalities, the framework
is arranged in training sessions (Heat Wave — HW, Earthquake-E and
Post-Earthquake-PE), which are further organized in training modules.
Each module is associated with a training item, positioned at a specific
location of the scene. Players are teleported to these locations and
prompted to answer multiple-choice questions. They receive immediate
feedback on the correct solution and, if the first attempt is wrong, they
have the option to retry their selection. The game allows players to earn
or lose points based on the accuracy of their answers and to assign a final
score at the end. In more detail, the previously developed training
modules/items used in this work (De Fino et al., 2023) concerns the
recognition of: three temperature mitigating elements (trees, fountain,
shading building) during the HW session; four safe behaviours during
the E session (avoiding closeness/use for: buildings that could collapse,
glazed surfaces/objects that could break, vehicles that could hinder
rescue operations, and electric devices that could catch fire or emit
sparks); and three characteristics of the safe areas in the PE session
(centre of the square, pre-designated, far from buildings and falling
objects). All the objectives/items are derived from national institutional
recommendations.

The above-mentioned framework has been developed in both
immersive mode on PC and non-immersive mode for HMD. Within Epic
Unreal Engine 4.6® simulative environment, different user interfaces
have been developed: in the PC mode, the mouse and the keyboard are
used to control the 360° game view and behavioural choices, respec-
tively; in the HMD mode, tested on a VR Meta Quest 2 headset, visual
orientation relies on gyroscopic sensors and laser tracking, while gesture
control is enabled by hand-based oculus touch controllers.

In addition, the non-interactive video of a game exemplary session
was recorded to provide a “traditional” training mode. This version can
be compared with the VR-SG prototypes and potentially validated for
users who prefer conventional tools or in situations where technological
resources are limited.

3.2. Measures: Feedback questionnaire

In line with all the studies involving testing sessions in Section 2, the
feedback questionnaire has been divided into three parts (Annex 2).

The first part, to be completed only before the training, collects de-
mographic information, such as age, gender, education level, previous
experiences of training and VR (Annex 2.1).

The second part is related to knowledge and is arranged in six
questions (three open-ended and three closed-ended). Participants were
requested to respond to the same questions of this part before and after
the training session. The three open-ended questions align with the three
modules/items within the training framework (compare Section 3.1).
Participants are asked to freely list: (i) the elements that are risk
decreasing for the heat wave, (ii) the elements that are risk increasing
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for the earthquake, and (iii) the areas that should be designated as safe
places in a post-earthquake scenario. Then, the answers are scored
(Annex 2.2) taking into account that the training modules/items con-
cerns the recognition of three temperature mitigating elements (vege-
tation, water sources, areas in shadow) during the HW session; four safe
behaviours during the E session (avoiding closeness/use for: buildings
that could collapse, glazed surfaces/objects that could break, vehicles
that could hinder rescue operations, and electric devices that could
catch fire or emit sparks) and three characteristics of the safe areas in the
PE session (centre of the square, pre-designated, far from buildings and
falling objects). The structure of the questions and the criteria for
scoring the answers follow previous studies (Chittaro and Sioni, 2015;
D’Amico et al., 2023; Feng et al., 2020a; Lovreglio et al., 2022) and the
results are analyzed based on the number of right answers. The three
closed-ended questions are based on the recognition of the training
items within the Virtual Tour (VT) of 360° panoramas of a real case
study, embedded in the same Google form used for administering the
questionnaire (Fig. 1A). This approach tests the incorporation of
repeated exercises in expansive contexts that could contribute to the
transferring of knowledge and applying of skills to new settings. The
selected real case study is Piazza dei Priori in Narni, Centre Italy, one of
the urban squares considered for the identification of the VR-SG typo-
logical environment and one of the three pilot sites of the research
project BE2SECURE for the validation of assessment methods and miti-
gation strategies for multi-risk scenarios of earthquake and heat wave.
Three spherical pictures of Piazza dei Priori were edited with hotspots,
marked by capital letters (Annex 2.3), corresponding to several items
(Fig. 1B) similar to those displayed in the prototype (Fig. 1C), so that the
trainee is asked to point out the relevant ones (Annex 2.4) through
closed-ended questions and their responses are scored accordingly
(Annex 2.5).

Finally, the third part is related to the user experience. The indicators
were selected among the most commonly used in testing VR-based risk
training, as reported in Section 2, namely self-reported engagement,
perceived usefulness, perceived ease of use, recommendation simplicity
and efficacy, and realism (Annex 2.6). Moreover, the questions were

Online feedback questionnaire

DEMO- LAB BE 52ECURe
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| Dangerous posifions /items during earthquake
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adapted from the available literature to validate the main functional and
operational choices of the training framework, concerning the outdoor
settings (QE2.3), the multi-risk approach (QE2.5), the presence of
crowds (QE2.6), and the realism of the typological environment (QE2.4
and QES5.2). All the answers follow a 7-point Likert scale, as proposed in
other studies — e.g. (Feng et al., 2022a; Lovreglio et al., 2022, 2018),
ranging from 1 (strongly disagreed) to 7 (strongly agreed).

In addition to the above-mentioned indicators, in-game errors are
tracked by a log file, automatically generated at the end of the game
both for PC and HMD modes. This log records he sequence of “true” and
“false” answers for each question, in view of investigating whether or
not errors provide useful feedback to participants, pinpointing where
their knowledge needs improvement, and prompting refinement of their
mental model.

3.3. Methods: Data analysis

Data analysis has been developed according to the following phases
and using different statistical methods depending on the assumptions
and purposes (Gravetter et al., 2021):

o Assessment of statistical variability in knowledge, depending on the
immersion level, considering three modes (video, PC, HMD). This
phase comprises:

m Evaluating whether the participants exhibit comparable
pre-training knowledge levels between the modes, by
running a one-way ANOVA test (or non-parametric equiv-
alent if the normal distribution is not satisfied) for three
samples and confirming the null-hypothesis of no significant
differences (p>0.05).

Evaluating whether the participants achieve relevant

knowledge gain through training in one or more mode, by

running a two-way mixed-design ANOVA test or non-
parametric equivalent (pre-post training as the within-
subjects factor, mode as the between-subjects factor). If
the ANOVA test highlights relevant interactions rejecting

Protection positions/items for heat wave
[ ]

A (Fountain)
E (Vegetation)

B-C-H-I (Shading buildings)

B (Glazed surfaces/elements]
C.E.H.I (Collapsing buildings)

M (Electrical devices)

L (Vehicles)

D, F, G (Open areas in the
middie of the square
far from dangerous
element)

Fig. 1. Questionnaire overview for closed-ended questions, based on VT visualization: A- Example of Google Form questionnaire page, B- Example of Virtual Tour
views and hotspots within the Google Form, C- Example of training items in the VR-SG.
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the null-hypothesis (p<0.05), three pairwise comparisons
between pre-post training knowledge for each mode are
performed by t-test for dependent samples or non-
parametric equivalent. The results are then analysed using
post-hoc (e.g. Bonferroni) correction on p, to avoid Type I
errors in multiple comparisons (peorrected = 0.05/number of
tests = 0.05/3 = 0.167) for rejecting or confirming the null
hypothesis.

= Evaluating whether the participants exhibit different post-
training knowledge depending on the immersion level, by
running a one-way ANOVA test or non-parametric equiva-
lent for three modes. If the ANOVA test highlights statistical
differences (p<0.05), three pairwise comparisons of post-
training knowledge between modes are run by t-test for
independent samples or non-parametric equivalent. The
results are then analysed using post-hoc correction on p =
0.167, similarly to the previous point.

e Assessment of statistical variability in user experience, depending on
the immersion level, considering two modes (PC, HMD). This phase
comprises:

m Checking for each indicator (engagement, perceived use-
fulness, ease of use, simplicity/efficacy of recommenda-
tions, realism) that the average Likert-scale scores are
statistically different for the two VR testing apparatus, by
running a t-test for independent samples (or non-parametric
equivalent if the normal distribution is not met).

Furthermore, some data sub-analyses are addressed to investigate
further issues, such as:

o Assessment of the distribution of post-knowledge and user-
experience average scores depending on age-based groups, in order
to withdraw some general insights on the correlation age-immersion
although on small sub-samples of users.

Assessment by content analysis of the knowledge open-ended ques-
tions, calculating the percentage of participants mentioning each
item in their free lists before and after the training, to understand
which concepts were previously known and which ones were ac-
quired by the training.

Assessment of the in-game errors and repetitions, through the log
files automatically generated during the game. The errors have been
pairwise compared between the VR training modes following the
statistical procedure, previously mentioned for the user experience
indicators. Moreover, they are evaluated against the corresponding
average knowledge to investigate whether mistakes strengthen the
information delivery, as well as with experiences in VR and video-
games to evaluate if errors are potentially affected by difficulties in
managing the apparatus.

Safety Science 185 (2025) 106803

3.4. Procedure: Participants and experimental set-up

The sample size has been determined by power analysis with the
statistical software G*Power (Franz et al., 2007), according to previous
works (Latini et al., 2023). In particular, to enable the comparison of the
three training modes by two-way ANOVA test, a sample of 54 people per
training mode was selected. This number was based on an effect size
equal to 0.32, as ex-post estimated by (Buttussi and Chittaro, 2021) in a
similar study, with a first type error (o) equal to 0.05. The given sample
size ensures a statistical power equal to 98 %.

The 162 participants were recruited through email invitations sent to
all teaching and administrative staff from the university departments of
the authors, as well as during events organized for high school student
orientation, technical seminar for engineers and architects and presen-
tation of the BE2SECURE project results to the public (Fig. 2). The de-
cision to conduct testing at various university campuses, professional
associations, and project case studies, while actively engaging partici-
pants from diverse age groups, genders, and backgrounds, aimed to
enhance the external validity of the questionnaire and ensure its
generalizability beyond the study sample.

The participants voluntarily participated to the tests. According to
national regulations and university rules, no sensitive information was
collected and data were anonymized. Before starting the training, par-
ticipants were informed about the training purpose and content and
signed a consent form to allow the research team to store and use the
collected data for scientific purposes.

The tests were conducted on standard PCs, both desktops and lap-
tops, for video playback and the non-immersive game, while the
immersive game used Meta Quest 2 headsets. During public events,
when multiple demonstrations were held simultaneously, testing sta-
tions were spaced out to avoid interference from sounds and move-
ments. Differently, for individual sessions with participants responding
the invitation email, a dedicated laboratory room was set up. In both
cases, interactions among participants who had completed and those
waiting to begin were properly managed to avoid information exchange
that could affect the results. Each participant was supported during the
training and testing by an individual assistant, who was instructed to
provide only general pre-training instructions and solve in-training
technical problems, without interfering in any way with the user’s
experience. Each assistant was also asked to note any comments or ob-
servations from participants, particularly regarding discomfort during
the immersive game. In this regard, the trainees testing the HMD mode
were specifically informed about the potential motion sickness and
asked to report any related problem and feel free to quit the session.

Finally, the feedback questionnaires were administered, before and
after the training, through the Google form, incorporating the questions
and the VT.

e B

Fig. 2. Testing sessions in the laboratory (left) and during public event in Narni (right).
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4. Results
4.1. Demographic of participants

As far as the first part of the feedback questionnaire on demographic

Safety Science 185 (2025) 106803

information is concerned (Fig. 3), an overall gender balance was ach-
ieved (52 % women and 48 % men in total) with a predominance of
medium-high levels of education (67 % at least graduated), mainly due
to the academic and professional contexts of the demonstration sessions.
Age ranges from 18 to 60 years old. Limited previous experiences in

Age distribution

Number of participants

18-22 23-27 28-32 33-37 38-42

4347 48-52 53-57 58-60

Years' Ranges (Sturges Rule)

Education

29%

20%
15%
10%

- -
-

wm

Promary School Secondary High School Bachelor/MsC Post-lauream
School degree

Previous experiences on Virtual Reality

60%:

54%

50%
42%
40°
0%
20%
10%:
4%
0% =
No Yes

Uncertain

= of participants

Previous experiences in training
98%
92%

79%

21%

: 8%
10% 2%
% L

Never Atleast once / Unsure

Perc

8 General training @ Earthquake training Heat wave training

Frequency in playing video-games

35°
1%
21%
16%
# 14%
%o 8%
- g0,
5% I 5%
0% l .
Never Lessthan Atleast Atleast Atleast Several Everyday
once a once a once a once a days a
year year month week week

Fig. 3. Overview of demographic information.
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training were declared, including very high percentages of interviewees
with no experiences in training for earthquake (92 %) and heat wave
(98 %). Moreover, about half of the sample declared no previous expe-
riences in VR (54 %) and one third expressed low frequency in playing
video-games (68 % in total answering “never”, “less than once a year”,
“at least once a year”).

When cross-observing the most significant demographic sub-
indicators against the training modes, no relevant differences were
found in terms of gender (48 %, 54 % and 54 % of men, respectively for
video, PC and HMD). Moreover, among the participants testing the VR
modes, about half confirmed previous VR experiences in both cases (50
% and 54 %, respectively for PC and HMD) and comparable shares (28 %
and 26 % respectively for PC and HMD) declared medium-high fre-
quency in playing video-games (answering “at least once a month” o
greater occurrence).

4.2. Knowledge and user experience assessment

According to section 3.3 assumptions, the analyses included a pre-
liminary verification that the pre-training knowledge was statistically
comparable in all the three training modes. To this end, since the data
were found normally distributed according to the Kolmogorov-Smirnoff
test, the one-way ANOVA test for three independent samples has been
used, resulting in F (2, 159) = 1.21 and p = 0.3 > 0.05 that have
confirmed the samples to be statistically similar.

Thus, the verification that meaningful knowledge improvement
occurred in one or more training modes has relied on the two-way
mixed-design ANOVA test (pre-post training as the within-subjects fac-
tor, mode as the between-subjects factor) resulting in significant inter-
action effect (2,159) = 7.2 and p = 0.0008 < 0.05. The following
pairwise comparisons (pre-post for each training mode) with t-test
applying the Bonferroni correction (pcorrected = 0.167) has always
resulted in significant statistical difference between previous and ac-
quired knowledge regardless the apparatus (for video: t(53) =-4.21,p =
9.83 E’>; for PC: t(53) = -10.15, p — 5 E.14; for HMD: t(53) =-13.09, p =
2.99 E'8). Consequently, all the training modes have resulted in effec-
tive communication of risk-related information content.

Based on the above verifications, the statistical analyses of post-
training scores, supported by one-way ANOVA test for three indepen-
dent samples, has been carried out, showing some statistical differences,
with F(2,59) = 10.52 and p = 5.1 E°.

Looking at the following pairwise comparisons by t-test for inde-
pendent samples with Bonferroni correction (pcorrected = 0.167), the
differences are significant between video and PC (t(106) = -2.92, p =
0.04) and between video and HMD (t(106) = -3.57, p = 0.0005) and not
significant between PC and HMD (t(106) = -0.64, p = 0.519). In terms of
indexes of variability, the knowledge increases with the immersion

Post-knowledge

18.2+3.6

16

Scores

VIDEO PC HMD
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(Fig. 4).

In the case of knowledge after training through close ended questions
following the visualization of the virtual tour, the results are consistent
with the previous analysis (for video-PC: t(106) = —4.15, p = 6.59 E’Os;
for video-HMD: t(106) = —3.59, p = 0.0005; for PC-HMD: t(106) = 0.49,
p = 0.62) and the related indexes of variability show a comparable trend
to those from overall knowledge (Fig. 4).

Concerning the user experience, a Cronbach’s alpha was prelimi-
narily calculated to assess the internal consistency of the questionnaire’s
questions for each indicator, resulting in at least acceptable values
(0.767 engagement, 0.723 perceived usefulness, 0.698 ease of use, 0.856
simplicity/efficacy of recommendations, 0.755 realism).

Moreover, looking at the results, all the indicators were scored
positively (score 5 or higher in the 7-point Likert scale) for both VR
modes — PC and HMD — by at least two third of the interviewees (Fig. 5),
except for the ease of use of the HMD mode. Particularly, the highest
shares of positive scores are related to engagement (81 % PC, 96 %
HMD), perceived usefulness (83 % PC, 98 % HMD) and efficacy/
simplicity of recommendations (93 % both PC and HMD), compared to
ease of use (67 % PC, 39 % HMD) and realism (68 % PC, 91 % HMD).
Table 2 provides an overview of the results for each question.

Nevertheless, the pairwise comparisons between the VR modes,
supported by the t test for independent samples given their normal
distribution, has showed some statistical differences (p < 0.05) between
the modes for engagement (t(106) = —3.56; p = 0.0005), perceived
usefulness (t(106) = —2.71; p = 0.007), ease of use (t(106) = 4.00, p =
0.0001) and realism (t(106) = —3.72; p = 0.003), differently from
simplicity and efficacy of recommendations (t(106) = —1.1.4; p = 0.25).
Looking at the indexes of variability, it can be observed that engage-
ment, perceived usefulness and realism scores increase with the level of
immersion, while PC is found easier to use than HMD (Fig. 6).

4.3. Age-based groups

A sub-analysis of the results has been conducted for groups catego-
rized by age, selected as the most significant demographic indicator.
This is due to the greater variability in the data (compared to factors, like
education, training experiences, and VR), and to its relevance to specific
target groups in training applications (e.g., in schools, organized tourist
groups). Moreover, age was found the most recurring demographic in-
dicator in related studies in literature (Lin and Yang, 2007; Pedram
et al., 2022; Plechata et al., 2019).

Three age groups were preliminarily identified, each with a balanced
distribution per mode (18 participants): 18-35 years old (youth), 36-49
years old (adults), 50-60 years old (seniors).

In terms of knowledge, a summary of the post-training and VT post-
training values is shown in Table 3. The results indicate that, for both

VT Post-knowledge

e 12.8%2.8 12.6+3.0

1 10.4%£3.3

Scores

VIDEO P( HMD

Fig. 4. Mean and standard deviation from post-training knowledge scores (maximum 28) and Virtual Tour knowledge scores (maximum 17) by mode.
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Fig. 5. Percentage of 7-point Likert scale scores for the indicators of user experience.

categories, the first two groups (youth and adults) exhibit increased
knowledge gains with increased immersion, while in the third group
(seniors) PC outperforms both video and HMD.

Similarly, a summary of the mean and standard deviation values on
the 7-point Likert scale for the user experience indicators and questions
is presented in Table 4. The results show consistent trends across age
groups, with the HMD receiving higher ratings for QE1 (engagement),
QE2 (perceived usefulness) and QE5 (realism), while the PC mode was
rated higher for QE3 (ease of use). It is also noteworthy that the youth
group generally gave higher scores across all categories, including ease
of use. Responses from the adult and senior groups were largely similar,
except for ease of use, which seniors rated the lowest across all

indicators and modes.

4.4. Content analysis

The open-ended answers, related to lists of items, were further
analysed, with specific focus on the Heat Wave and Earthquake game
sessions (Fig. 7). A simple content analysis on the recurrence of the right
items has showed that, for the Heat Wave, participants mostly referred
to buildings casting shadow before the training (about 57 % of the
questionnaires), while water sources were rarely mentioned (about 6
%). After the training, the answers were more balanced and the
knowledge gaps were filled by exceeding 50 % for all the items.
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Table 2
Results from user experience scores by questions and mode.

Questions PC HMD

QEI1.1. The training experience was fun and enjoyable 59+ 6.6 +
1.2 0.7

QE1.2. Safety training activities are boring* 6.1+ 6.8 +
1.4 0.5

QE1.3. I would describe safety training as very interesting 59+ 6.4+
12 0.9

QE1.4. Safety training does not hold my attention at all* 6.3+ 6.5+
1.2 0.9

QE1.5. It was easy for me to concentrate on nty learning 5.6 £ 6.1+
1.5 1.1

QEZ2.1. Using this type of simulation as an educational tool will 59+ 59+
enhance my learning 1.3 0.8

QE2.2. This type of simulation is as useful as indoor simulations 5.6+ 6.3+
1.7 1.0

QE2.3. This type of simulation is useful for behaving properly in 6.2+ 6.6 +
real case. too 12 0.8

QE2.4. This type of simulation is useful as a learning supplement 5.9 + 58 +
1.1 0.8

QE2.5. The combination of two risks is effective because it 6.3 + 6.7 +
simulates real conditions 1.0 0.4

QEZ2.6. The simulation of the crowd helped me make the right 52+ 6.0 +
decisions 1.7 1.2

QE3.1. This simulation tool is rigid and inflexible to interact with* 5.4 + 4.7 +
1.3 1.6

QE3.2. I think this training tool is easy to use 57+ 4.8 +
1.0 1.1

QE4.1. I could easily remember the recommendations provided in 6.2 + 6.4 +
the virtual experience 1.3 0.8

QE4.2. The recommendations provided in the training experience ~ 6.3 + 6.5 +
are useful for my safety 1.2 0.7

QES5.1. The built environment was realistic 6.1+ 59+
1.0 1.0

QES5.2. The built environment reminded me of a familiar place 53+ 5.6 +
1.5 1.0

QE5.3. The VR experience was realistic 5.0+ 6.1+
15 0.9

QES5.4. The realism of the virtual world motivates me to learn 54+ 6.3 +
1.5 0.9

QE5.5. The virtual world makes learning more interesting 59+ 6.7 +
1.4 0.6

Similarly, for the Earthquake, before the training, the recommendation
to avoid closeness to buildings was widely known (about 75 % of the
questionnaires), while the other proper behaviours were less familiar.
However, for the latter ones, a significant knowledge gain (delta
knowledge data in Fig. 7), i.e. difference between post- and pre-training,
was assessed after the game testing.
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4.5. In-game errors

Concerning the assessment of in-game “false” answers and repeti-
tions, the pairwise comparison of the number of errors between the VR
training modes was run by the non-parametric Mann-Whitney u-test,
since the data were found not normally distributed. No statistical dif-
ferences were found (Uyapye = 1420; z-score = 0.23; p = 0.8181 > 0.05).

Furthermore, for the Heat Wave and Earthquake game sessions, the
number of errors was associated to the difference of post- and pre-
training scores from the open-ended answers, corresponding to the
lists of items. Fig. 8 shows that, regardless the number of errors, the
knowledge gain is quite consistent across the sample. Thus, the repeti-
tions have somewhat brought the players who made more mistakes
achieve a similar improvement in knowledge to those who made few or
no mistakes. Moreover, the number of errors somewhat corresponds to

Table 3
Mean and standard deviation for the scores of the second part by mode.
Indicator Group VIDEO PC HMD
Post-Knowledge 18-35 16.4 + 4.1 18.1 £ 3.6 18.7 £ 3.0
36-49 13.6 £ 4.9 16.5+ 2.5 18.4 £ 3.5
50-60 16.0 £ 4.8 18.6 £+ 4.8 174+ 42
Post-Knowledge VT 18-35 10.9 £ 2.4 129 £ 2.6 13.3+22
36-49 9.1+37 125+ 24 125 £ 3.2
50-60 11.2+ 34 131+ 34 11.9+ 34

User experience

7 6.5%0.5
¢ 5.9+09 5.9+0.8
il

Scores

Engagement Perceived sefulness

WPC

6.2%+0.5
5.6+1.1

Ease of use

Table 4

Mean and standard deviation for all the indicators of the third part by mode.

Indicator Group PC HMD
QE1. Self-reported engagement 18-35 6.1+08 6.4+05
3649 59+1.1 6.4+07
50-60 5.8+09 6.6 £ 0.5
QE2. Perceived usefulness 18-35 6.1+0.7 64+0.7
36-49 57+ 1.0 6.2+ 0.4
50-60 5.8+0.8 6.1 +04
QE3. Perceived ease of use 18-35 59+0.9 49+08
36-49 56+12 4.8+ 1.5
50-60 5.2+08 4.5+ 1.0
QE4. Rec dation simplicity and efficacy @ 18-35 6.7 +0.5 6.4+0.6
3649 59+16 6.4+07
50-60 6.1+ 1.0 6.4 £ 0.9
QE5. Realism 18-35 58+07 58+08
3649 54+12 6.3+ 0.6
50-60 54 +0.8 6.2+ 0.6

6.2+1.2 [ 6.4+0.7 6.140.7
5.5%1.0

4.7+1.0

Efficacy and simphcity Realism

of reccomendations

HMD

Fig. 6. Results from user experience scores by indicator and mode.
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the VR familiarity (median 1, maximum 4, mode 1 for users declaring no
previous experience and median 2, maximum 5 and mode 2 for users
declaring it), and to the frequency of playing videogames (median 1,
maximum 3, mode O for users replying “at least once a month” or more
frequent and median 1, maximum 5, mode 1 for users replying “at least
once a year” or less frequent).

5. Discussion

In general terms, the results showed that the effectiveness in gaining
knowledge is statistically different for both HMD compared to video and
PC compared to video, but statistically similar between HMD and PC.
Moreover, HMD outperforms PC for engagement, perceived usefulness
and realism, while underperforming for ease of use. Additionally, the
sub-analyses have shown that: senior groups achieve the highest mean
knowledge scores using the PC, while reporting the lowest mean scores
for ease of use with the HMD; most training concepts/items related to
risk and safety were poorly known before the training, but widely
recognized after; repeated exercises are beneficial in strengthening the
informative content; and, higher reliability on attention and account-
ability by participants was achieved during group public events rather
than individual sessions.

The following sub-sections provide an outlook of some advantages
due to the adoption of the BE S2ECURe VR-SG framework, as well as
some recommendations on future development and testing of virtual
training tools for risk communication within the safety management of
the built environment.

11

5.1. Immersion level

Concerning the testing outcome against the level of immersion, the
significant knowledge gain and transfer after training in all the three
modes — video, PC and HMD - demonstrates the efficacy and versatility
of the tool. Moreover, since both HMD and PC modes outperform the
video one, but are statistically similar in pairwise comparison, the effi-
cacy and acceptability of non-immersive training solutions are
confirmed in terms of successful learning and subject assessment,
particularly compared with traditional approaches, as suggested by
other authors (D’Amico et al., 2023; Rahouti et al., 2021). Thus, the
possibility to develop multiple modes for the same game is recom-
mended, especially in case of great variability of the training receivers,
e.g. by age. In fact, as noted for the senior group, the PC mode can be
more effective in knowledge compared to both video and HMD
(Table 3). The explanation does not seem to lie in the low attractiveness
of the immersive tool for senior users, who scored the HMD mode very
highly for engagement, consistently with other studies (Tseng and Giau,
2022). Instead, the issue seems to lie in the ease of use that received
lower scores for the HMD mode, both compared to the PC mode within
the same group and compared to the same mode for the other groups
(Table 4). Thus, specific attention should be paid to senior users in wide
replication of the training, by ensuring that the users are aware of the
options to lower the level of immersion by selecting the PC mode or they
are fully aware on how the HMD apparatus, relative controllers and
interaction functionalities work, even based on pre-training demon-
stration. This is paramount to prevent the player from being disoriented
by the environment and distracted from the knowledge delivery.
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5.2. Realism and knowledge transfer

The prototype was developed by displaying a typological scene (re-
petitive patterns, schematic volumes, simple decorations, plain sur-
faces), as representative of a wide set of case studies. Nonetheless, the
realism is scored quite positively (Fig. 6 and Table 2), for both the built
environment (see QE5.1. The built environment was realistic) and the
experience (see QE5.3. The VR experience was realistic), even acknowl-
edging the resemblance with familiar places (see QE5.2. The built envi-
ronment reminded me of a familiar place). Moreover, it was recognised as
valuable in the learning process (see QE5.4. The realism of the virtual
world motivates me to learn). In this regard, the HMD mode emerged as
the most effective, likely due to the enhanced fidelity by immersion.
Moreover, the post-training knowledge measured by the close ended
questions, viewed the VT of a real case study, results in very good scores
for all the interviewees (Fig. 4). This confirms the benefit of integrating
the VT within the training itself in order to boost the overall consistency
with real life scenarios though the skill transfer. This ability is seen as
highly beneficial in all fields of virtual training and it was not previously
investigated for risk training in buildings and built environments
through virtual tools (Strojny and Duzmanska-Misiarczyk, 2023).
Finally, while the perception of realism is scored relatively lower than
other user experience indicators, such as engagement, this aspect pre-
sents an opportunity for improvement. To this end, in view of keeping
the computational load manageable, it is recommended to identify and
enhance only the most influencing visual and sound effects, e.g. smoke,
alarms, falling debris, (Lu et al., 2020). Additionally, incorporating
sensors, possibly within wearable devices, could simulate smells, vi-
brations and heat that might foster the credibility of the generated vir-
tual world, in line with recommendations from other studies (Gagliardi
et al., 2023). Moreover, the application on further VR devices, including
CAVEs (Cave Automatic Virtual Environments) should be assessed to
understand how additional VR solutions can impact final training effects
on users. In particular, CAVEs could be explored since previous works
seem to address a possible high-level visuals and large-scale immersion,
along with possible integration with real-world elements and advanced
lighting, shadow, and reflection effects, and group experiences, too (de
Back et al., 2020; Liu and Liu, 2025; Scorgie et al., 2024).

5.3. Simplicity and usefulness

All the participants rated he simplicity and efficacy of recommen-
dations very highly (Fig. 6 and Table 2), confirming that the modularity
of the prototype effectively delivers information. The results are not
dependent from the immersion level. Concerning the perceived useful-
ness, the scores are medium-high and high for PC and HMD modes
respectively, including the aspects related to outdoor training (see
QE2.2. This type of simulation is as useful as indoor simulations) and multi-
risk approach (see QE3.5. The combination of two risks is effective because
it simulates real conditions). These features distinctively feature the pro-
totype compared to previous applications. However, one question
received relatively lower scores regarding the role of the crowd (see
QE5.6. The simulation of the crowd helped me make the right decisions),
resulting from the agent-based simulation to estimate the time and paths
covered by Non Playable Characters (NPCs) to reach a safe area. The
result might point out that the crowd motion does not play a prominent
role in leading/encouraging individual actions throughout the game, as
informally reported by several interviewees. who found it negligible. A
solution could be to utilize agent-based data for animating Playable
Characters (PCs) that actively instruct players, as tested in other studies
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(Feng et al., 2020a, 2020c; Serafini and Chittaro, 2023; Tucker et al.,
2018).

Furthermore, allowing participants to receive explanations and retry
after providing “false” answer is confirmed to be beneficial for the
learning process. Players who failed several times to provide the right
answer achieved a comparable level of knowledge gain to those who
made few or no mistakes. This error/repetition approach seems to be
particularly useful for compensating low familiarity with the tools, in
terms of experience with VR and videogames and consequent difficulties
in concentrating during the training. In this regard, to the best of the
authors’ knowledge, this research introduces a novel aspect of investi-
gation, although further studies are needed to validate these insights.

5.4. Participants’ awareness

Although the analysis focused on simple keywords to verify correct
answers examining the most recurring terms in open-ended questions,
both from pre- and post- training questionnaire sections, was found
quite interesting and useful. It allowed for a general assessment of
concepts that require strengthening in risk communication (Fig. 7). This
kind of content analysis, which could be empowered by customized
design of questions and more complex methods of data mining (e.g. by
natural language processing algorithm), has been successfully used in
other fields combining VR and Al (Antel et al., 2022) and might be
beneficial in risk training, too. Moreover, whenever the tool is arranged
in subsequent modules and is based on teleporting, thus limiting
freedom of observable actions and movements of the player, this
approach may be more worthwhile than others a (e.g. behavioural
analysis. sensor-based measurements) with different training layouts
and motion modes.

Finally, concerning the participants’ awareness, the questionnaires
were administrated in targeted events whit several users involved in
demonstration sessions or individually in a laboratory. It was qualita-
tively observed that individual testing was less reliable than group
testing, in terms of user concentration and the reliability of the outcome.
In some cases, results had to be discarded for evident inconsistencies
(high Likert scale scores for both positive and negative questions, no
answers to the post-training questions, out of topic open answers). This
is a shortcoming in view of large-scale dissemination, particularly for the
non-immersive mode, that could be deliverable remotely by web-based
smartphone and tablet applications (Chittaro and Buttussi, 2022), where
the users should show autonomy and trustworthiness in developing the
training. Furthermore, the above-mentioned issues suggest that the so-
cial dimension in learning and training is crucial. The development of
team gaming solutions should be addressed, as collective experiences in
a virtually mediated space, where there is a shared goal/problem which
learners must attend to collaboratively (Paulsen et al., 2024). To this
end, synchronous game sessions, by CAVEs or multiple HMDs, could
better fulfil the purpose.

5.5. Limitations of the work

The study presents certain limitations that may suggest future
research. The sample size did not allow for robust analyses of the results
based on target groups across different demographic indicators. How-
ever, the sub-analysis on age groups indicated that this topic warrants
rigorous evaluation and is particularly relevant to risk training for a
broad spectrum of participants. To this end, a greater diversification of
possible responses to the questions in the first part (e.g., experience with
VR) could support a more accurate assessment of the impact on training
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outcomes. Additionally, the evaluation of knowledge and user experi-
ence was based on the most common indicators reported in the literature
for risk training against natural and human-made hazards in the built
environment, excluding certain areas of investigation (e.g., situational
awareness, risk perception, or physiological/psychological responses),
which could provide more comprehensive insights into users’ responses
to VR-based training. Finally, a noteworthy aspect deserving attention is
the assessment of the impact of microclimatic conditions — e.g., lighting,
temperature — on user performance that was neglected in this study.

6. Conclusion

The study has meant to validate the HMD immersive and PC non-
immersive prototypes of a VR-SG framework, developed for multi-risk
training (heatwave and earthquake) in a typological urban open
space. Particularly, in view of broad application, feedback question-
naires were administered toward the identification of relevant differ-
ences in knowledge gain and transfer to real cases studies, as well as in
perceived user experience, based on the level of immersion.

The outcome has shown the overall efficacy and usability of the
prototypes, suggesting that HMD and PC modes do not show statistical
differences in knowledge gain and transfer. They are also rated very
highly for engagement, perceived usefulness, ease of use, realism and
simplicity/efficacy of recommendations. However, HMD outperforms
PC for engagement, perceived usefulness and realism, while PC out-
performs HMD for ease of use.

Moreover, the validation of several features of the VR-SG, including
the typological outdoor setting, the modular structure and the multi-risk
approach was achieved, along with the suggestion of further improve-
ments related to the realism of the scene and the role of NPCs. The
overall outcome has confirmed the need of accurate and rigorous user-
based empirical assessments of this kind of solutions.

All the above-mentioned issues are particularly relevant to the
adoption of VR in the broader field of risk and safety communication,
including safety awareness increase, risk perception assessment, and
strategic consultation on mitigation plans. This is especially important in
the context of inclusive community engagement in developing processes
and solutions for managing hazards, emergencies, and the effects of
disasters.

In particular, VR tools can be conveniently used by local adminis-
trators to convey specific risk and safety instructions to citizens and
visitors through tailored dissemination events. These events can focus
on potential dangers and/or protective measures within specific open
spaces, such as public parks, squares, or high-risk areas. By simulating
emergency scenarios in a virtual environment, users can become
familiar with safety procedures in a controlled and interactive setting,
significantly improving their understanding and preparedness for real-
life dangers. For example, VR simulations can help people practice
evacuations from crowded areas or train them on how to respond to
disasters, thus enhancing public safety readiness.

Moreover, the SG approach can be explored more broadly, inde-
pendent of the specific context, such as in schools and associations, to
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raise general awareness and assess behavioural choices and attitudes.
Through gamification, participants can simulate critical decision-
making processes, develop practical risk response skills, and evaluate
the consequences of their actions in simulated environments. This
educational experience is especially useful in preventing risky behav-
iours and fostering self-protection, by teaching best safety practices and
reducing exposure to hazards.

Finally, from an urban planning and infrastructure design perspec-
tive, the structure underlying the digital environment and the game
narrative in modules, questions, answers, and explanations can be easily
adapted for visualizing future mitigation solutions. This provides sig-
nificant benefits to designers and planners allowing them to demon-
strate the compatibility of strategies with physical spaces and integrate
these strategies effectively into the built environment. At the same time,
it enables immediate evaluation of the perception and acceptability of
these strategies by expert (financiers, regulatory bodies) and non-expert
users (urban community and touristic groups). This type of visualization
and simulation also helps to identify and address safety concerns,
making the planning process more inclusive, secure, and transparent for
all stakeholders involved.
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Annex 1. Overview of the BE2SECURE VR-SG prototype
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Annex 2. Feedback questionnaire

2.1 Questions and answers of the first part — PARTECIPANTS

Questions Answers

Gender male / female

Age (free text)

Educational level primary school/ secondary school/ high school/ bachelor-msc degree/ post graduate specialization

Previous experience in training never / once / twice / more than twice / unsure

Previous experience in earthquake training never / once / twice / more than twice / unsure

Previous experience in heat wave training never / once / twice / more than twice / unsure

Frequencies of playing videogames never / less than once a year / at least once a year/ at least once a month / at least once a wee / several days a week / everyday
Experience with VR no / yes / unsure

2.2 Open-ended questions and scores of the second part — Knowledge

Questions/Answers Scores Assessment
QK1.Where would you feel less exposed to high 3 points for knowing 3 out of 3 among the following items or similar: (i) area in shadow (e.g. building); (i) ~ Sum of
temperatures in an open space? (Free text) water sources (e.g. fountain); (iii) vegetation (e.g. trees); scores

2 points for 2 out of 3 items;
1 point for 1 out of 3 items;
0 point for knowing nothing
QK2.What would you avoid doing during an earthquake 4 points for knowing 4 out of 4 among the following items or similar: (i) stay close to buildings; (ii) stay
in an open space? (Free text) close to glazed elements; (iii) stay close to electric devices; (iv) use vehicles;
3 points for 3 out of 4 items;
2 points for 2 out of 4 items
1 point for 1 out of 4 items;
0 point for knowing nothing
QK3.Where would you go after an earthquake in an 3 points for knowing 3 out of 3 among the following items or similar: (i) reach the center of the square; (ii)
open space? (Free text) reach pre-set designated areas; (iii) reach areas free of buildings and falling objects
2 points for knowing 2 out of 3 items
1 point for knowing 1 out of 3 items
0 points for knowing nothing

2.3 Hotspots within the virtual tour

Heat Wave - Protective elements Earthquake - Dangerous elements Post-Earthquake
Closeness to shading building: B.,C, H, I Buildings potentially collapsing: C, E, H, I Open areas in the middle of the square far from dangerous elements: D. F. G
Closeness to trees/vegetation: E Glazed surfaces/elements: B
Closeness to fountain/water: A Electric devices: M
Vehicles: L

2.4 Panoramas of Piazza dei Priori in Narni with hotspots marked by capital letters from A to M
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ERgRix

2.5 Closed-ended questions and scores of the second part - KNOWLEDGE

Questions Scores Assessment
QK4.Which hotspots of the virtual tour correspond to protective positions/items for heat waves? 1 point for each right item (A.B.C.E.H.I) up to 6 points Sum of scores
QK5.Which hotspots of the virtual tour correspond to dangerous positions/items during an earthquake? 1 point for each right item (B.C.E.H.I.L.M) up to 7 points

QK6.Which hotspots of the virtual tour correspond to safe area positions after an earthquake? 1 point for each right item (A.D.F.G) up to 4 points

2.6 Likert scale questions and scores of the third section — USER EXPERIENCE

Indicators Questions Scores Assessment
QE1. QE1.1.The training experience was fun and enjoyable (Shiradkar et al., 2021) 1 (strongly Average
Self-reported engagement QE1.2.Safety training activities are boring (Lovreglio et al., 2022) disagreed) -7 score
QE1.3.1 would describe safety training as very interesting (Lovreglio et al., 2022) (strongly agreed)

QE1.4.Safety training does not hold my attention at all (Lovreglio et al., 2022)
QE1.5.It was easy for me to concentrate on my learning (Feng et al., 2022a)

QE2. QE2.1.Using this type of virtual reality simulation as an educational tool will enhance my learning 1 (strongly Average
Perceived usefulness (Rahouti et al., 2021) disagreed) -7 score
QE2.2.This type of simulation is useful as a learning supplement (Davis, 1989) (strongly agreed)

QE2.3.This type of simulation is as useful as simulation of indoor spaces
QE2.4. This type of simulation is useful for behaving properly in real cases. too
QE2.5.The combination of two risks (heat wave + earthquake) is effective because it simulates real

conditions
QE2.6.The simulation of the crowd helped me in taking the right decisions
QE3. QE3.1.This simulation tool is rigid and inflexible to interact with (Davis, 1989) 1 (strongly Average
Perceived ease of use QE3.2.1 think this training tool is easy to use (Davis, 1989; Rahouti et al., 2021) disagreed) -7 score
(strongly agreed)
(continued on next page)
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(continued)

Indicators Questions Scores Assessment

QE4. QE4.1.1 could easily remember the recommendations provided in the virtual experience (Chittaroand 1 (strongly Average
Recommendation simplicity Sioni, 2015; Lovreglio et al., 2021; Rahouti et al., 2021) disagreed) -7 score
and efficacy QE4.2.The recommendations provided in the training experience are useful for my safety (Chittaro (strongly agreed)

and Sioni, 2015; Lovreglio et al., 2021; Rahouti et al., 2021)

QES. QES5.1.The built environment was realistic (Feng et al., 2022a) 1 (strongly Average

Realism QE5.2.The built environment reminded me of a familiar place disagreed) -7 score

QES5.3.The VR experience was realistic (Feng et al., 2022a)

(strongly agreed)

QES5.4.The realism of the virtual world motivates me to learn (Rahouti et al., 2021)
QE5.5.The virtual world makes learning more interesting (Dalgarno et al., 2002)

Data availability
Data will be made available on request.
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