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Abstract

Immersive Virtual Reality (iVR) has reached a level of technological maturity that enables its use for the gen-
eral public. However, further investigation is needed into the optimization of iVR applications and particularly,
their design features in relation to various user characteristics such as age and previous iVR experience. To
solve this issue, this study evaluates a Cultural Heritage dissemination experience in iVR, tested in a real-world
setting, the Museum of Burgos (Spain), with participants from three age groups: children, young adults, and
older adults. The iVR experience was structured in four levels of progressively complex interaction. A control
group was formed to view a video containing the same dissemination content. A total of 206 participants com-
pleted a three-steps assessment measuring prior knowledge, User Experience (UX), and learning outcomes.
The findings emphasized that iVR's strengths, immersion and interactivity, must be strategically optimized to
outperform more well-stablished dissemination formats like video. The results showed that children responded
positively to high interactivity; their motivation and rapid adaptation supported the use of interactive formats,
provided cognitive demands are gradually introduced. Young adults exhibited the highest adaptability and fast-
est completion times, performing well across all interaction types, though with moderate UX ratings. Older
adults preferred soft interaction and immersive aesthetics, achieving better learning outcomes in this context
but extending the time to complete the iVR experience.

Keywords Virtual Reality - Human Computer Interaction - User experience - Children - Age - User
Centered Design

1 Introduction

One of the main barriers to the adoption of new technologies is the level of difficulty that users face in adapt-
ing to them (Tawfik et al. 2021). Successful implementation requires attention to usability and interface design
(Briones-Villafuerte et al. 2022), as personalized approaches such as User-Centered Design (UCD) (Partarakis &
Zabulis 2024), and affordability (Ryokai et al. 2022). Without fulfilling those conditions, new technologies often
remain limited to early adopters and research prototypes, complicating their real-world integration (Kouijzer et
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al. 2023). Even when the advantages are clear, implementation can still be obstructed by low levels of user accep-
tance and contextual barriers (Samala et al. 2025).

The release of Oculus Rift, an affordable Head-Mounted Display (HMD), was a significant milestone in the
broader adoption of immersive Virtual Reality (iVR). iVR is primarily characterized by its interactivity, allowing
users to alter and engage with the virtual environment at deeper levels, and by its capacity to induce a strong sense
of presence or immersion, often described as the feeling of “being there” (Tcha-Tokey et al. 2016). The real-time
interaction provides benefits such as operating hazardous machinery without risk (Dhalmahapatra et al. 2021).
Likewise, the sense of presence enables users to explore past events (Slater et al. 2018) or long-lost historical
environments from a first-person perspective (Ferdani et al. 2020).

Despite the great presence of iVR in literature (Lee et al. 2024; Silva & Teixeira 2022), its limitations, particu-
larly interaction paradigms, continue to hinder adoption (Avilés-Castillo et al. 2025). Many issues arise not from
hardware but from design shortcomings, which could be improved adapting iVR to different user characteristics,
such as prior experience (Miguel-Alonso et al. 2024) or age (Cadet & Chainay 2021). Typically, User Experience
(UX) in iVR has been studied primarily in young adult populations (M. J. Kim & Kang 2023), often neglect-
ing other user groups in which iVR has demonstrated notable benefits, such as improving physical conditions
in older adults (Schaumburg et al. 2025) or enhancing motivation of children in settings like museums (Tengfei
& Guanjie 2024). While other studies have addressed these populations, such research remains relatively scarce
(Forssell et al. 2024). Many studies involving older adults focus on users with dementia or other impairments
(Baker et al. 2020), so their results are inapplicable to populations in good health (Healy et al. 2021). Addition-
ally, sample sizes tend to be limited, often involving only around 20 participants per group (Abeele et al. 2021).
Moreover, these studies typically compare only two age groups, one of which is almost always young adults,
the most studied group in iVR research (M. J. Kim & Kang 2023), paired either with children (Cadet & Chainay
2021) or with older adults (Dong et al. 2023). Although such investigations yield valuable insights, they rarely
compare multiple age groups simultaneously within the same experience, which would provide more comprehen-
sive conclusions regarding UCD. Lastly, these studies generally focus exclusively on iVR experiences, with few
comparisons to more established technologies such as video.

This study addresses the gap in user-adaptive iVR design, focusing on museums as a real-world context. This
context was selected because it implies usually diverse background audiences (Gatto et al. 2025), different age
groups (Tengfei & Guanjie 2024) and often with low prior iVR experience (Schofield et al. 2018). The high visi-
tor numbers and limited time make museum-based iVR particularly challenging to implement (Rodriguez-Garcia
et al. 2024). The research has been designed to answer the following Research Questions (RQ):

RQ1: What influence does age have on behavior, UX, and learning in iVR experiences?

RQ2: How should iVR experiences be adapted for different age groups?

To address these questions, this study presents an iVR experience specifically designed to evaluate UX, with
four levels of increasing interactivity, and extract UCD guidelines for iVR experiences design. Its validation has
been done on a large sample (N=206), that covers different age groups (children, young adults and elderly). The
experimental design incorporates a wide range of variables that have been considered relevant in other studies
related to UX in iVR: prior iVR experience (Miguel-Alonso et al. 2024), level of interaction (Kim et al. 2020),
locomotion systems (Lim et al. 2022), and learning outcomes (Checa & Bustillo 2020). For this purpose, an
iVR experience was created around the Isis of Clunia, a Roman sculpture from the Museum of Burgos (Spain)
discovered in Clunia Sulpicia, one of the most important roman cities in the north of the Iberian Peninsula. This
sculpture has been previously reconstructed and validated as a Virtual Agent (VA) (Rodriguez-Garcia et al. 2026).
The iVR experience was used to disseminate knowledge about CH: Isis’s origins, Roman iconography, and the
specific artistic features of the sculpture. Finally, a control group watched a video with the same content, in order
to compare the learning outcomes with those of a more established technology. Although alternative approaches
for immersive and non-immersive environments exist, such as stereoscopic displays (Printezis & Koutsabasis
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2026), iVR through HMDs and video experiences were selected, as they represent some of the most accessible
and widely adopted technologies, particularly in museum contexts (Gatto et al. 2025).

The structure of this research is as follows. Section 2 summarizes the most relevant features of the case study,
the Isis of Clunia. Section 3 provides a detailed description of the design and development of the iVR experi-
ence and the video. Section 4 outlines the evaluation procedure followed in this research. Section 5 explains the
study’s results, while Sect. 6 provides the discussion, including best practices and study limitations. Finally, Sect.
7 provides a summary of the main conclusions and future lines of this research.

2 Study case: Isis of Clunia

The historical content about the goddess Isis, and specifically the Clunia sculpture, is broad and complex. This
section summarizes the main components evaluated in both the iVR experience and the video: 1) Origins and
cult, 2) Iconography, and 3) Formal characteristics of the Clunia sculpture.

Isis, an Egyptian goddess of fertility, motherhood, and magic, was the wife of Osiris and the mother of Horus.
After Osiris’s murder, she restored his life with her magic (Pinch 2004). Her cult endured Roman assimilation
of the Egyptian pantheon and was adopted in Hispania, where it became linked to motherhood (Arroyo de la
Fuente 2002). The Clunia sculpture, like others in Roman culture, reflects a Hellenistic rather than Egyptian style
(Zaparain Yanez 2022). It included four attributes (Arroyo de la Fuente 2002): 1) the sistrum, an ancient rattle
made of metal rods, usually held in her right hand, 2) the situla, a ritual pitcher typically carried in her left hand,
3) the crescent moon crown adorning her hair, and 4) the Isiac knot, which gathered her mantle around her chest.
Figure 1b shows the virtual reconstruction of the sculpture highlighting the above attributes.

The sculpture that dates to the 2nd century AD, was discovered in 1853 by Salomon Remigio. Its deterioration
over the centuries had left it without arms and most of the other attributes, except for the Isiac knot (Salomon,
1853). Its original location is thought to have been Clunia’s theater (Muiiiz Grijalvo 2021), shown in Fig. 1c.
Clunia Sulpicia was one of the most important Roman cities in the north of the Iberian Peninsula, in the present-
day Burgos province. The city is known for its forum, baths, and theater. Today the sculpture is exhibited at the
Museum of Burgos (Fig. 1a), being one of the museum’s key pieces.

3 Materials

First, the design and development of the iVR experience will be described, followed by a description of the video
made for the control group. Both the iVR experience and the video may be viewed in Supplementary file 1.

3.1 Design of the iVR experience

The design of the iVR experience and an overview of its levels are outlined below, after which its development
and format-related aspects are addressed.

3.1.1 iVR design

The iVR experience is designed to convey the historical content from Sect. 2 to a broad museum audience. It
aims to be accessible and enjoyable for children, young adults, and elderly users, as well as for those with low
prior experience with iVR. The goal is to combine education with engagement, balancing enjoyment and content
understanding. The following paragraphs describe the main design challenges addressed during its development:
the research approach, the time, the user motivation, the novelty effect, the knowledge transmission and the
adverse effects of iVR.
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Fig. 1 a Image of the Isis
sculpture at its current loca-
tion in the Museum of Bur-
gos, b Virtual reconstruction
of the statue with each main
attribute highlighted, and ¢
Image of the Roman theater
of Clunia, where the sculpture
was discovered

Sistrum

The research approach was aimed at identifying the most suitable design patterns for different user profiles,
which is a limitation compared to commercial products that rely on established patterns. To do so, progressively
complex interactions were implemented in a level-based structure. This structure splits the iVR experience into
two halves. One of soft interaction with Levels 1 and 2, and a more complex hard interaction with Levels 3 and
4. Each level records completion time and a behavioral indicator related to the main interaction, detailed in the
following subsections. The design enhances the research potential in so far as users are exposed to a range of
interactions within the iVR environment, facilitating behavioral measurements across scenarios. In this design,
the aim was to include the most essential interactions in an iVR experience, namely locomotion and the manipu-
lation of virtual objects.

The time users can spend in an iVR experience is a critical design factor that can vary depending on many other
variables Experimental evaluations of prolonged iVR experiences also pose significant challenges (Vlahovic et
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al. 2022). The iVR experience was therefore designed to last approximately 6—7 minutes, which was considered
an appropriate length of time for the context, even though slower users may need extra time.

User motivation is crucial for sustaining engagement during iVR experiences (Xiao & Hew 2024). It can be
enhanced through the use of narrative elements (Schaumburg et al. 2025). In the iVR experience, the goddess
Isis appears at the Roman Theatre of Clunia as a semiautonomous VA (Wei et al. 2025) who asks users to help
reconstruct her sculpture by selecting between various options. VAs have been explored in previous research to
boost engagement, especially among children (Bailey & Schloss 2024). Likewise, visual and auditory elements,
including the goddess’ voice, support historical learning and have proven satisfying for elderly users (Fiocco et
al. 2021). The content is embedded within a coherent narrative, interweaving information on her origins, worship,
and formal characteristics rather than presenting a linear account.

The novelty effect is the initial excitement of using new technology and can influence learning and motivation
(Looi et al. 2009). It is of particular relevance to museum audiences whose prior iVR experience is often limited
(Puig et al. 2020). The level-based game structure was implemented to reduce the impact of the novelty effect,
so that users gradually acclimate as the level of intensity increases Although tutorials can mitigate the novelty
effect (Miguel-Alonso et al. 2022), they were excluded to avoid lengthening the iVR experience and to study user
interaction in a real-world context for deriving adaptive design guidelines.

Knowledge transmission is a widely studied component of iVR experiences, often guided by such theories as
the Cognitive Theory of Multimedia Learning (Richard E. Mayer 2014a and b), gamification (Faust 2021) or the
Cognitive Affective Model of Immersive Learning (Makransky & Petersen 2021). Applying these theories to iVR
experiences for a broad audience is challenging, as the iVR experience cannot only be focused on learning. Even
so, storytelling, which is considered a form of gamification, was employed to enhance engagement (Staneva et
al. 2023). The design leverages iVR immersive characteristics to convey knowledge, using the Roman Theatre of
Clunia as a visual setting and spatialized audio for the differentiation of auditory cues. Interaction allows users to
pick up and explore key visual elements, as the statue or an old drawing of it.

Adverse effects of iVR are an important consideration when designing for a varied audience, particularly com-
fort and cybersickness (Porcino et al. 2020). Usually designed for young adults, HMDs can cause fit and usability
issues for children (Muravevskaia & Gardner-McCune 2023) and elderly users (Abeele et al. 2021). In addition,
misalignment may lead to vision problems among childrens (Ryokai et al. 2022), though newer HMDs have
since reduced that risk (Alrashidi et al. 2023). To solve this issue, modern HMDs with improved weight distribu-
tion and alternative straps were used to enhance ergonomics (Mehrfard et al. 2019). Specifically, the Meta Quest
2, Meta Quest 3, and Meta Quest Pro models were used. For the Quest 2 and Quest 3, the default elastic strap
was replaced with a more rigid and adjustable one to better fit different users, particularly children. Moreover,
controllers were used because they generally provide better usability than other solutions such as hand tracking
(Baker et al. 2020). To further enhance usability, the interaction was designed to be operable with a single hand
(Schaumburg et al. 2025). Active movement was employed to further reduce discomfort, especially for elderly
users, as it is considered the most comfortable locomotion system (Brument et al. 2024). In this regard, only one
level using an alternative locomotion system. Finally, the short duration of the iVR experience lowers the risk of
adverse effects.

Summarizing, the iVR experience was designed to balance key factors without over-targeting a specific audi-
ence. The museum setting constraints were considered to create an enjoyable iVR experience for most users
while conveying the sculpture’s history and iconography. In Fig. 2 each level of the iVR experience is presented,
while vertically, the most relevant characteristics of the levels are described.

3.1.2 Level 1 design

This level takes place in a generic Egyptian temple with dim lighting and the sound of fire. At the center stands
the fully reconstructed statue of the Goddess Isis, as shown in Fig. 3a. After 5 seconds, the statue begins to speak,
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Level 1 Level 2 > Level 3 > Level 4 > Level 5
i X Explorative Interactive .
Type of iVR Passive Explorative . X R Passive
interaction experience
- . 3DoF 6DoF Teleport Grab and 3Dof
Main interaction
movement movement locomotion drop movement
Explorable area > 4m2 4m2 1247m2 4m2 4m2

. Time limit Grab the Find the sculpture of Reconstruct Time limit
Way of ending X R
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Fig.2 Summary of the most relevant characteristics of the iVR experience levels. Levels are shown horizontally, while their
characteristics are displayed vertically

User initial
position

Fig.3 a User’s point of view looking at Isis in Level 1 and b Top-down view of Level 1 indicating the initial position of the
user, Isis, and the distance between them

providing the user with context about the goddess’s origins as well as the task to be completed in the experience:
to locate and to reconstruct her statue in the theater of Clunia.

This level introduces the goddess’s Egyptian origins and the narrative goal of finding and reconstructing her
statue. From a usability point of view, it is a simple Passive iVR experience, with no direct interaction and very
limited movement, though still offering a 6 Degrees of Freedom (6DoF) experience. Users start facing the statue’s
side and must turn 90°, guided by Isis’s spatialized voice. Figure 3b shows a top-down view of the level layout.
The aim of the level is to acclimate them through a basic spatial interaction like a 3 Degrees of Freedom (3DoF)
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experience. This level ends automatically after 58 seconds without requiring any user action. The behavior indi-
cator is the time users take to look at Isis, showing their reaction to the auditory cue and awareness of turning.
The total completion time is also recorded, although it is identical for all users.

3.1.3 Level 2 design

Level 2 takes place at the center of the Roman theater of Clunia with ambient nature sounds, as shown in Fig. 4a
from the user’s point of view. The goddess speaks in a reverberated, undefined voice, explaining the location and
task. To proceed, users must move around the stage to grab an image that reveals the statue’s current appearance.

The narrative explains the sculpture’s formal traits and its discovery, reinforced by Isis’s voice, the theater
setting, and the image. It advances the narrative by requiring users to first locate the reference image before find-
ing the statue. From a usability perspective, this level introduces 6DoF interaction or Real-Walking (Boletsis &
Chasanidou 2022) in an Explorative experience, where the user can explore the environment but with limited
interaction. Unlike the previous level, where darkness and lack of guidance discourage movement, Level 2 moti-
vates users to move around and to interact while searching for the image. The grabbing interaction is introduced
at the end of the level and is therefore not strictly part of it. The end of the level is also the end of the soft inter-
action phase of the iVR experience, with 3DoF and 6DoF movement interactions, while the following levels
introduce more complex mechanics in a hard interaction phase.

To complete the level, users must locate and grab the image placed 1.1 m away among low stones, requiring
them to crouch. Additional physics-enabled stones surround it, moving when touched. The interaction occurs
within a 4 m? area, adaptable to different installation spaces. Figure 4b shows a top-down view of the level lay-
out. As the main interaction is 6DoF movement, the performance indicator is the percentage of time users remain
active (over 10 cm/s). The level ends once the image is grabbed, with no fixed duration.

3.1.4 Level 3 design

This level continues in the Roman theatre of Clunia, right after the user retrieves the image. Isis instructs the user
to teleport in the search for her statue, marking the end of the level. She also recounts her story.

The goddess’s origins and her worship in Roman society are entirely conveyed through Isis’s narration during
this level. Narratively, it brings the user closer to the main task of finding her statue. In terms of usability, interac-
tion during the level increases by combining the previously introduced grabbing mechanic with a new locomo-
tion system: teleportation, activated by pressing a controller button. The teleportation system, the most common
system in iVR experiences (Prithul et al. 2021), turns the level into an Explorative interaction experience where
the user can both explore and interact with the environment. To maintain boundaries, teleportation is limited to
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7 . Image _ -
! @ = User initial
i -, - position : 1
> .
e B |
! S g
Rt
o\‘l ______________ 1 >
@ Explorable are_aﬂ;
¥ |

Fig. 4 a User’s point of view looking towards the image in Level 2 and b Top-down view of Level 2 indicating the initial
position of the user, the position of the image to be found, and the size of the explorable area
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User initial
. position

Fig. 5 a User’s point of view near the Isis sculpture in Level 3 and b Top-down view of Level 3 showing the user’s initial
position, the location of Isis, the distance between them, and the size of the explorable area

User initial
. position

Fig. 6 a User’s point of view at the beginning of Level 4 and b Top-down view of Level 4 indicating the initial position of
the user, the location of Isis and the table with the objects, and the size of the explorable area

the stage and seating area of the theater, covering about 1,250 m”. Figure 5b shows a top-down view of the level
with the designated movement area.

To finish the level, the user must approach the statue, with a spatialized audio cue triggered at 2m distance.
Figure 5a shows the user’s viewpoint close to the statue, teleporting towards it. The statue lies about 16.5m from
the starting point, hidden behind a large rock visible earlier but then concealed, so as not to make the task obvious.
Behavior is measured by the number of teleports used and the completion time. The level has no fixed duration,
as it depends on the user searching for the statue.

3.1.5 Level 4 design

At the start of Level 4, the user is teleported to the center of the theater. The Isis statue stands in front of the user,
with a table on the left displaying elements and reference images for reconstruction (Fig. 6a). Isis explains that
the user must rebuild the statue using the correct parts, some of which are distractors, to complete the level.

This level explains the goddess’ iconography using the reference images showing her common attributes.
Interactivity is integrated into learning, as users examine images and place attributes correctly. Each correct
placement prompts Isis to give the object’s name and function. The level ends the narrative, with the statue fully
reconstructed. In terms of usability, exploration is limited to a 4 m* area with no teleportation, but interaction
is maximized, making this level an Interactive experience, where the user has a high degree of interaction but
limited exploration.
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The level is completed when the user places five items on the statue, of which two are incorrect. The statue,
table, and objects are 1 m in front of the user, Fig. 6b shows a top-down view of the level layout. Behavior is
measured by the number of reconstruction errors and completion time. The duration of the level depends on how
long users take to finish, so it is not fixed.

3.1.6 Level 5 design

This level serves as an epilogue that concludes the narrative. The user returns to the same setting as in Level 1,
but this time spawns facing the goddess. The statue says goodbye and informs them that it is currently located in
the Museum of Burgos. Level 5 lasts 19 seconds, no data are collected, nor is the level included in any subsequent
analysis.

3.2 Development of the iVR experience

The iVR experience was developed for standalone HMDs using Unreal Engine 5. The use of standalone HMDs
simplifies public use by eliminating cables and external computers. A Windows PC version was also exported
for versatility. Unreal Engine was chosen for the team’s familiarity, ease of programming, and ability to create
photorealistic environments (Bekele et al. 2018), which is an important factor in achieving a high Level of Detail
(LoD) in iVR experiences.

The LoD defines how closely a 3D model resembles its real counterpart (Banfi 2021). In CH, accurate models
are needed for precise observation, particularly when based on photogrammetry. Managing LoD is especially
important on standalone HMDs, which have limited computational power, making optimization essential to avoid
cybersickness (Schaumburg et al. 2025) and enhance user interaction (Ahn et al. 2023). The modeling procedure
followed the reconstruction of the Isis of Clunia, with additional low-poly models added, notably the Clunia
theatre captured via aerial photogrammetry and optimized. The Isis model was rigged for animations. Texturing
used atlases to improve performance and audio was post-produced for volume equalization and effects. Finally,
all assets were integrated into the development engine, using precomputed lighting for enhance performance.

The result is an optimized iVR experience that improves UX and faithfully represents heritage assets. The
Blender add-on LoDCalculator, which provides an indicative score of the LoD of a 3D model, gave the models
a score of 5/5 (Rodriguez-Garcia et al. 2025). Figure 7 summarizes the development and optimization process,
showing phases from source acquisition to asset creation and implementation in the development engine, with
sources and processes indicated by gray dashed rectangles.

3.3 Design and development of the video

The Isis of Clunia model was used to create a complementary video shown to the control group. The video has
a resolution of 1920x1080 pixels and a duration of 4 minutes 10 seconds with English and Spanish subtitles for
enhanced accessibility. It conveys the same knowledge as the iVR experience, previously described in Sect. 2.

The video format means that what users see and hear can be fully controlled, enabling condensed information
and additional visual reinforcement. So, the video slightly expands on the historical content and reorganizes it
linearly: origins and cult, iconography, and then the characteristics of the sculpture. In Fig. 8, some frames of the
video can be seen. Advantages of the video format against the iVR experience include easier production, lower
cost, and simpler use. However, interaction, immersion, satisfaction, and engagement are reduced compared to
iVR. All video resources were created using a similar procedure to the one shown in Fig. 7, though final engine
integration was replaced by editing the clips.
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Fig.7 Summary of the development procedure. The phases are shown horizontally. Gray dashed-line rectangles indicate the
type of source
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Fig. 8 Frames from the video of the Isis of Clunia with English subtitles
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4 Evaluation procedure

The 1VR experience and the video were evaluated using a three-phase procedure, collecting objective and subjec-
tive data before, during, and after the experience The assessment was conducted in multiple sessions, due to the
large, and demographically diverse sample. The procedure had been validated for iVR evaluation in prior research
(Martinez et al. 2021). The procedures for this study were approved by the 10 41/2024 Bioethics Committee of the
University of Burgos. The characteristics of each evaluation phase are summarized in Fig. 9. The characteristics

Fig.9 Summary of the
evaluation procedure. The
test characteristics are shown
horizontally showing the
methods used in each phase,
the recorded variables, and
their corresponding scales,
and the order of the tests and
their related phases are shown
vertically

Virtual Reality
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of each instrument are described horizontally showing the methods used in each phase, the recorded variables,
and their corresponding scales, while the order of the phases and the tests included in each one are presented
vertically. In order to address the RQ, the three phases collect the key data required for their examination. Data
from Phase 1 are used to demographically segment participants and assess their prior knowledge. Phase 2 gathers
data related to behavior in iVR and UX. Finally, Phase 3 focuses on learning outcomes, enabling the examination
of the influence of these factors across different demographic groups and their corresponding design needs. The
3 phases are described below in detail. The questionnaires used are available in Supplementary file 2. Lastly, the
individual sessions are also explained.

4.1 Phase 1: demographics and prior knowledge

This phase took place just a few minutes before the iVR or video experience and collected demographic and prior
knowledge data through a 12-item questionnaire. The first 3 questions covered age, gender, and prior iVR experi-
ence, with iVR experience assessed through four predefined options. The remaining 9 Multiple-Choice Questions
(MCQ) tested knowledge on Isis’s Egyptian origins, worship, and Roman culture. MCQs were chosen because of
their suitability for assessing study-unit knowledge (Excell 2000). Formula scoring was applied to reduce guess-
ing bias (Ndu et al. 2016), with correct answers adding 1 point and incorrect ones subtracting 1/3. Scores were
normalized using Min-Max (0—10) normalization.

4.2 Phase 2: UX and behavior in iVR

During this phase, user behavior and UX data were collected exclusively for iVR participants. This phase took
place during and few minutes after the iVR experience. Each of the first four levels (Level 5 served as an epi-
logue) was evaluated using two measures: time in seconds to complete the level and a specific behavioral indica-
tor, resulting in a total of four behavior indicators:

e Level I: The time each user took to look at the goddess. A shorter time was considered positive, as it indicated
a faster reaction to the 3DoF Isis stimuli.

e [evel 2: The percentage of activity time. Activity was defined as faster than 10 cm/s. A higher level of activity
was considered positive, as it suggested a better understanding of 6DoF mechanics.

e [evel 3: The number of teleports used. A higher number of teleports was considered positive, as it reflected
greater spatial exploration, since users tended to perform a greater number of displacements with this tech-
nique (Brument et al. 2024).

e Level 4: The number of mistakes made when reconstructing the sculpture. Fewer mistakes were considered
positive, as they indicated a better understanding of the task.

UX data were collected with a 25-item Likert questionnaire, with higher scores indicating more positive responses.
This approach is commonly used for iVR usability and UX evaluation experiences (Rodriguez-Garcia et al.
2024). The questionnaire assessed five competencies; each measured with five questions: Presence, Immersion,
Usability, Skill, and Satisfaction. The average of the five responses represented the value of each competence,
while the overall UX score was calculated as the average of 25 responses. Questions were adapted from System
Usability Scale (Brooke 1996), the Game Experience Questionnaire (Ijsselsteijn et al. 2023) and the Presence
Questionnaire (Witmer & Singer 1998). These competencies were chosen because they reflect two key features
of iVR, immersion and interactivity (Burdea & Coiffet 2003), while satisfaction is a transversal metric across dif-
ferent types of UX questionnaires, whether iVR-based or not. The direct use of standard questionnaires, although
beneficial, would have drastically increased the number of questions required to assess all the competencies
examined in this study, which represents a serious limitation in complex evaluation contexts such as museums
(Rodriguez-Garcia et al. 2024).
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4.3 Phase 3:learning

This phase occurred after the iVR or video experience, with timing varying by session. Learning was assessed
using a 12 MCQ in a 0 to 10 scale, similar to the one used in Phase 1. In this case, each correct answer added one
point out of 12, while each incorrect answer subtracted 1/3. The content of the questions was linked to the topics
presented in Sect. 2: the origins and worship of the goddess, her iconography, and the formal characteristics of
the Clunia sculpture. Scores were divided into four sub-scores corresponding to the historical content presented
in each iVR level and in two sub-scores based on the two phases of the experience: soft interaction (Levels 1
and 2) and hard interaction (Levels 3 and 4); applying all the same formula scoring. Although the video slightly
expanded content, the post-test only included material shared by both formats.

4.4 Sessions

A representative sample had to be obtained through several sessions. These sessions were organized as comple-
mentary activities within various educational programs related to history and aimed at different age groups, in
order to deploy the experience in a real-world context and to balance participants’ prior knowledge. Teachers
integrated the activity into their curricula, introducing all participants to Roman culture prior to the experience.
Participants were recruited through the teachers, who offered the activity to their students, allowing them to
freely choose between the iVR or video modality. The only exception was the young age group, for whom the
experience was integrated into a module on Roman history as part of their coursework. Nevertheless, participa-
tion in the study and the provision of collected data were entirely voluntary. No specific exclusion criteria were
established, except for individuals who reported that they did not wish to participate in the research. Figure 10
shows images from each session, labeled with their corresponding number. The characteristics of these sessions
are detailed below:

e Session I: Held in November 2024 at the University of Burgos, involving 30 first-year students from the Bach-
elor in History and Heritage at the University of Burgos. Most of them experienced the iVR experience, while

Fig. 10 Images of users in each of the sessions. The image number corresponds to the session number
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those with some form of visual or motor disability that prevented them from fully enjoying the iVR experience
(Baker et al. 2020) watched the video instead. Participation in this evaluation was part of their coursework. In
this session, Phase 3 took place one week after Phase 2. This session provided data for the young demographic.

e Session 2: Held in March 2025 at the University of Burgos, involving 15 third-year students from the same
bachelor program, also as part of their coursework. This group only experienced the iVR experience. In this
session, Phase 3 was conducted one week after Phase 2. This session provided data for the young demographic.

e Session 3: Held in March 2025 at a cultural center in the Burgos region, involving 42 volunteer students from
art history courses for older adults who only experienced the iVR experience. In this session, Phase 3 took
place a few minutes after Phase 2. This session provided data for the older demographic in the iVR group.

e Session 4: Held in April 2025 at the Museum of Burgos over three consecutive days, involving 115 volunteer
school students who experienced the iVR experience. A portion of the sample watched the video instead, in-
cluding some with motor disabilities that prevented them from fully enjoying the iVR experience (Baker et al.
2020). In this session, Phase 3 was conducted a few minutes after Phase 2. This session contributed the data
for the child demographic.

e Session 5: Held in May 2025 at the Museum of Burgos, involving 8 volunteer students from art history courses
for older adults who only watched the video. In this session, Phase 3 was conducted one week after Phase 2.
This session provided data for the older demographic in the video group.

e Session 6: Held in June 2025 at the University of Burgos, involving 5 volunteer students from the Bachelor
in Video Game Design at the University of Burgos who only watched the video. In this session, Phase 3 took
place a few minutes after Phase 2. This session provided data for the young demographic in the video group.

e Session 7: Held in November 2025 at the University of Burgos, involving 21 first-year students from the
Bachelor in History and Heritage at the University of Burgos. Most of them watched the video, while some
experienced the iVR experience. Participation in this evaluation was part of their coursework. In this session,
Phase 3 took place a few minutes after Phase 2 for video users and one week later for iVR users. This session
provided data for the young demographic.

e Session 8: Held in December 2025 at the Museum of Burgos involving 14 volunteer students from art history
courses for older adults who only watched the video. In this session, Phase 3 was conducted a few minutes after
Phase 2. This session provided data for the older demographic in the video group.

A one-week interval between experience and post-test was applied, whenever possible, as is recommended
(Mayer 2014a and b). Initial sessions with university students meant better sample control, but other sessions
occurred during one-off events, risking participant loss, particularly in Session 4 before the school holidays. Most
of the sample (137 users) performed their experience at the Museum of Burgos, but some of the sessions were
conducted at convenient locations for the participants, due to the logistical challenges of a multi-phase evaluation
and the need to maximize user numbers. These logistical constraints prevented the same procedure from being
applied consistently across all sessions, often requiring Phase 3 to be conducted only a few minutes after Phase 2.
This represents a limitation that may affect the learning outcomes; therefore, the results related to learning should
be interpreted with caution and in light of this constraint.

To balance the duration of the sessions across groups, the following strategy was adopted. Video sessions were
conducted as group viewings, and questionnaire completion was also carried out collectively in classrooms or
presentation rooms. VR sessions, by contrast, were organized in isolated rooms where participants entered in
groups according to room capacity. Meanwhile, the remaining participants engaged in complementary activities
related to historical dissemination.

Most video participants viewed the content using a Full HD projector with an approximate screen size of 90
inches, with audio played through external speakers. The only exception was the eight participants from Session
5, who watched the video on 24-inch Full HD monitors using headphones. All participants viewed the video
with Spanish subtitles. Regarding iVR participants, the experience was tested using its desktop version in order
to facilitate the collection of behavioral data. The least powerful system used was a laptop equipped with an
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NVIDIA RTX 2060 graphics card, an Intel i7-8750H processor, and 16 GB of RAM. This configuration ensured
a smooth experience at approximately 90 FPS for all users. All HMDs were initially calibrated using a standard
interpupillary distance of approximately 63 mm. When the headset was fitted, participants were asked whether
they could see clearly, and the headset height and interpupillary distance were adjusted, if necessary, particularly
in the case of children. In this way, all participants were exposed to a comparable overall experience.

5 Results

The results were organized by age group, due to the age differences in the sample: Kid group (Session 4), Young
group (Sessions 1, 2, 6 and 7) and Senior group (Sessions 3, 5 and 8). A middle-aged group was not included, as
no participants from this demographic were available. The sample was also divided by device: iVR and video.

Of 250 evaluated users, 44 were excluded, leaving 206. Exclusions were due to missing data, copied answers,
or irrational (troll) behavior, the latter identified as scoring 1 on all Satisfaction questions. Most exclusions in
the Kid group resulted from data loss or copying, complicated by children’s higher activity levels (Schloss et al.
2021). In this regard, participants with missing or incomplete data were excluded from the study. Troll behavior
appeared in the Young group, that was called to participate as part of their class content, likely due to lack of
intrinsic motivation (Ryan & Deci 2000). This phenomenon represents a limitation of the study.

Due to the large amount of data and the number of groups analyzed, and to facilitate readability, some tables are
presented in a condensed format, while others are only referenced in the text. All tables are provided in Appendix
and are cited as required throughout the manuscript. All tables reporting descriptive statistics consistently include
the Mean (M), Standard Deviation (SD), and 95% Confidence Interval (CI). In contrast, all inferential statistics
tables report the p-values (p), effect sizes (%), and the statistical analysis method employed. No corrections for
multiple comparisons were applied due to the exploratory nature of the study based on the RQ. In any case, all
inferential analyses, both p-values and effect sizes are reported and discussed to provide a more robust interpreta-
tion of the results. All data, including excluded participants and the reasons for their exclusion, are included in
Supplementary file 3. Results are presented by evaluation phase.

5.1 Phase 1: demographics and prior knowledge

Table 1 shows total sample numbers, age, gender distribution, prior iVR experience, and pre-test results in terms
of M and SD. iVR experience was rated from 0 to 4, while pre-test scored between 0 and 10. In its version in
Appendix, the CI is also shown.

The age groups were homogeneous regarding device, with =25% of users in the video condition. Although
the iVR and video groups are unbalanced, this is because they are only compared in the learning outcomes, with

Table 1 Summary of demographic data divided by age group and device

Age Gender Prior iVR experience Pre-test
Age group Device N M SD M % F % M SD M SD
Kid Both 82 9.02 0.68 59% 41% 1.24 1.21 293 1.84
iVR 63 8.98 0.71 54% 46% 1.33 1.26 2.94 1.92
Video 19 9.16 0.60 74% 26% 0.95 1.03 2.90 1.60
Young Both 59 20.40 2.62 68% 32% 1.12 1.04 6.46 1.96
iVR 37 20.00 2.15 57% 43% 1.05 1.03 6.97 1.67
Video 22 21.05 3.21 86% 14% 1.23 1.07 6.08 2.30
Senior Both 65 67.80 7.40 22% 78% 0.48 0.62 5.49 242
iVR 40 68.65 7.62 20% 80% 0.45 0.64 5.45 2.67
Video 25 66.44 6.96 24% 76% 0.52 0.59 5.56 2.00
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the iVR group carrying greater weight in the study. Age group sizes were sufficient for statistical analysis (> 20
participants), except for the video users in the Kid age group (n=19).

Considering age, the average of the age groups effectively represents the three chosen demographics. Kid
group averages around 9 years old. The average age of the Young group was around 20 years old, representing
young adults (M. J. Kim & Kang 2023). Finally, the average age of the Senior group was over 60 years. The
standard deviation increases with age, which is expected given the greater variability.

Clear trends regarding age differences emerged and are summarized in (online Fig. 11). It shows the number of
users, gender distribution, average age, pre-test score, and prior iVR experience for each age group, with devia-
tion lines indicating standard deviation. In Phase 1, standard deviation was prioritized for visualization, as the
focus was on describing the sample. In subsequent analyses, figures will emphasize CI to highlight population-
level patterns. Accordingly, figures will consistently show Cls, while tables will report standard deviations to
complement the visual information.

Kid group showed a balanced gender ratio (41% male / 59% female), while Young group were mostly male
(68%) and Senior group predominantly female (78%). Previous iVR experience is generally low across all age
groups (close to 1 on the scale) meaning that participants have only used iVR once or twice before. Among
the age groups, the Senior group stands out for having the lowest prior iVR experience, below 1. Finally, prior
knowledge varies notably by age group, with Kids showing the lowest score, followed by Seniors, and Young
participants exhibiting the highest level of prior knowledge.

5.2 Phase 2: UX and behaviorin iVR

The UX results are presented in (online Fig. 12), separated by age groups. Only the iVR results are analyzed, as it
was the only device evaluated in Phase 2. The X-axis first displays the overall UX score, followed by the scores
for each competence. The Y-axis shows the average value of each score, with an expanded scale for better visu-
alization. Error bars indicate the CI for each score. Significant differences between one age group and the other
two, based on Analysis of Variance (ANOVA), are indicated with a diagonal line pattern. Additionally, significant
differences within each age group, according to their prior iVR experience, are also marked with an “iVRXP”
displayed above each corresponding bar.

The complete descriptive statistics can be found in Table 2 (Online appendix). Additionally, results of the
ANOVA analysis are reported in Table 3 (Online appendix). Table 3 (Online appendix) shows the ANOVA
results for age group comparisons and within-group differences by prior iVR experience. Welch’s ANOVA was
employed, as Levene’s test results indicated that some variables violated the homogeneity of variance assumption
(Keselman et al. 1998). Significant values are marked with an asterisk (< 0.05) and highly significant values with
two asterisks (< 0.01).

Overall, UX scores were high (online Fig. 12), with a mean close to 4 out of 5 across competencies, particu-
larly for Kid and Senior groups. The highest-rated competency across all groups was Satisfaction. In contrast,
the lowest-rated competency overall was Skill, except in the case of the Kid group. The Young group was the
only one that consistently exhibited lower values across all competencies, with UX scores only slightly above
satisfactory (= 3.5). Many of those values were statistically significant with high effect sizes, as can be seen in
(online Fig. 12).

These results showed that perceived UX was higher for both the Kid’s and the Senior groups, though with dif-
fering emphasis. Interaction-related competencies (Usability, Skill) were more positively rated in the Kid group,
while immersion-related competencies (Immersion, and especially Presence with significant difference) were
rated higher in the Senior group. The competencies most influenced by prior iVR experience were Presence, Skill
and Satisfaction. The users of the Young group with less prior iVR experience significantly increased their Pres-
ence and Satisfaction, as did the members of the Senior group with Skill, in both cases with very high effect sizes.

Analysis of prior iVR experience further characterizes the age groups, showing significant differences with
high effect sizes across all UX competencies, as shown in Table 3 (Online appendix). Those differences reflected
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a general trend: a preference for interaction for the Kid group, and for immersion for the Senior group. The Young
group, while more balanced across competencies, reported an overall lower perception of UX.

The second analysis refers to the results of behavior indicators in the iVR experience. Table 2 displays the
mean and standard deviation for each age group based on level-specific behavior indicators and post-test scores.
Although post-test data are not properly a behavior indicator, level-specific scores are included here due to their
relevance in relation to behavior. Overall iVR results are also reported, except for behavior, given the distinct
nature of these measures. In its version in Appendix, the CI is also shown. Additionally, results of the ANOVA
analysis are reported in Table 5 (Online appendix). Welch’s ANOVA was used due to violations of the homogene-
ity of variance assumption in some cases. Table 5 (Online appendix) includes the p-values and the effect sizes,
for all possible age group combinations. No time data were analyzed for Level 1, as the duration was fixed for all
users. Similarly, no analysis was performed on the total behavior due to the heterogeneous nature of the behav-
ioral metrics.

The results of the iVR experience indicators are shown in (online Fig. 13) using a forest plot. For each level,
the post-test, behavior, and time scores of the age groups are presented. Values were computed using Z-score
normalization, represented on the X-axis, allowing indicators of different types to be compared by expressing the
number of standard deviations from the mean (Pandey & Jain 2017). Given the diverse nature of the values, the
scale of some indicators was reversed to standardize the interpretation in (online Fig. 13). Higher values (repre-
sented as positive ¢ to the right of the X-axis) were interpreted as follows:

e In the post-test, higher scores indicated greater learning outcomes and were therefore considered positive
(Bichi 2016).

e For the time indicators, shorter completion times were considered favorable, as they suggest more efficient
problem-solving (Checa et al. 2021).

e The behavior indicators were interpreted according to the descriptions provided in Sect. 4.2.

Statistically significant differences of a group compared to the others are marked by a diagonal line pattern.

The three age groups showed clear differences across all levels, most of statistical significance with high effect
sizes, supporting earlier findings on UX. The average iVR completion time was about 8 minutes, with each level
taking progressively longer due to increasingly complex interactions. Behavior indicators differed between age
groups, but user behavior became more similar in the hard interaction phase (Levels 3 and 4). Also, post-test
scores varied: Level 2 had lower scores than Level 1, Level 3 had higher scores, which dropped again in Level 4.

The Kid group completed levels quickly and showed high behavior indicators, especially in the soft interaction
phase, but had low post-test scores. An exception occurred in Level 4, where behavior decreases but post-test
performance improved compared to previous levels. Considering gender, ANOVA revealed significant gender
differences in behavior for boys and girls within those levels, with boys being more active, supported by moder-
ate effect sizes. Both the p-values and the effect size of the ANOVA analysis for behavioral indicators by gender
within each age group are presented in Table 6 (Online Appenix 1). In the Young group, gender differences

Table 2 M and SD values for each age group across all level indicators, as well as the overall results of the entire experience

Level 1 Level 2 Level 3 Level 4 Total
Age group Indicator M SD M SD M SD M SD M SD
Kid Time 58.0 0.00 93.6 59.9 110 57.5 137 56.4 417 98.2
Behavior 14.6 9.42 0.37 0.16 12.5 10.1 0.94 1.44 N/A N/A
Post-test 4.29 3.86 2.79 2.27 3.89 3.45 3.67 3.30 2.95 2.06
Young Time 58.0 0.00 79.0 58.7 139 76.2 119 53.0 414 139
Behavior 11.2 3.73 0.48 0.17 18.1 16.2 0.46 0.93 N/A N/A
Post-test 8.20 2.86 5.59 3.11 7.43 3.39 5.02 3.52 6.26 1.88
Senior Time 58.0 0.00 142 88.6 178 113 226 127 623 212
Behavior 19.5 14.0 0.29 0.15 12.8 15.7 0.63 1.21 N/A N/A
Post-test 7.92 3.00 4.45 2.93 5.04 3.91 4.42 3.62 5.04 2.12
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at Level 1 were not robust due to few female participants. The Kid group’s low post-test scores reflect their
prior knowledge, while improved results in Level 4 may result from repeated reconstruction attempts and higher
interactivity.

The Young group shows notable results across all measures, as can be seen in (Online Fig. 13); with the larg-
est inter-group differences at Level 2. Those differences decreased at later levels, particularly by Level 4. While
Level 3 showed some significant differences, these are mostly due to post-test scores with minimal effect sizes
between Young and Senior groups. As the differences between the levels diminished, progression through to
higher levels reduced disparities between groups.

The Senior group is characterized by lower behavior indicators and longer completion times. Although with
good post-test results, they were slightly lower than the results of the Young group. In any case, despite the inter-
action challenge fot this age group, the learning rates were not significantly affected. The largest differences with
other groups again occur at Level 2, but these had diminished by Level 4 with the progression of the experience.

Considering the impact of Level 2 in the behavior of the different age groups, an Analysis of Covariance
(ANCOVA) was performed to evaluate the correlation between UX and behavior indicators. The results are
summarized in Table 7 (Online appendix) where age group is a fixed factor across behavior indicators and UX
competencies, with Level 2 being the only level showing significant correlations with UX and Immersion.

5.3 Phase 3:learning

Learning was evaluated by comparing pre and post-tests results and searching for differences between the first
(soft interaction) and the second (hard interaction) phases of the iVR experience. The learning outcomes are sum-
marized in Tables 3 and 9 (Online appendix) and (Online Fig. 14). Table 3 (expanded in online appendix with CI
values) shows the average and standard deviation for the pre-test, post-test, soft interaction phase (Levels 1-2),
hard interaction phase (Levels 3—4), and the absolute learning gain relative to the pre-test. The post-test was not
divided into four sections, as too few questions would produce unreliable results, especially with formula scor-
ing. The results are presented all together and by age group, distinguishing by device (iVR or video). Table 9
(Online appendix) presents ANOVA results (p and 12) across age group and device combinations, using Fisher’s
ANOVA, as the Levene’s test confirmed homogeneity of variance. Finally, (Online Fig. 14) presents Phase 3
results by age group and the total. The X-axis shows columns for post-test, soft interaction, and hard interaction
scores, separated by device (iVR left, video right), with pre-test scores marked by a black dashed line. The Y-axis
represents the test scores and error bars indicate the CI for each score.

Some interesting conclusions can be drawn from this statistical analysis. Except for some differences between
the Young and Senior groups, all post-test results showed significant differences with high effect sizes, as can be
seen in Table 9 (Online appendix). Overall, scores were slightly lower than the pre-test with the soft interaction
phase generally yielding higher scores than the hard interaction phase in both iVR and video conditions, possibly
reflecting a higher difficulty in the latter phase. Finally, total post-test scores for iVR users were similar to the
video condition overall, except where the video users scored better in the Senior group.

Absolute learning gains were positive in the soft interaction phase but turned negative in the hard interaction
phase, explaining the overall slightly lower iVR results, likely due to the greater interactivity of the latter phase.
However, in the hard interaction phase, Kid and Young groups still showed better learning in iVR, especially
Kid group, whereas Senior group participants performed better with the video, showing even larger differences
than in the soft interaction phase The results of the ANOVA analysis pointed to more significant learning in the
Kid group than in the Senior group and the Young group, though with a small effect size, as can be seen in Table
9 (Online appendix). Online Figure 14 shows that the Kid group maintained similar iVR scores across phases,
while the video users had significantly lower scores, although initially better in soft interaction. Senior group
users showed lower iVR outcomes, especially in the hard interaction phase.

An additional linear regression analysis was conducted to further explore the differences between both phases
of the post-test, focusing especially on the iVR users, among whom the most pronounced differences and largest
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sample size were observed. Online Figure 15 presents two scatter plots depicting the normalized learning gain
(Hake 1998) of the iVR users. The left plot illustrates learning outcomes in the soft interaction post-test, while
the right plot corresponds to the hard interaction phase post-test. In each plot, the X-axis represents the pre-test
score on a scale from 0 to 1, and the Y-axis shows the percentage improvement from pre-test to post-test in the
different phases. Trend lines for each group were fitted using second-degree polynomial curves. A jitter of 3%
was applied to enhance data visualization. The visual presentation of the scatter plots and the fit indicators of the
analysis are presented in Table 10 (Online appendix), including R, R?, and p-values for each analysis according
to age and device group. Regression analyses were conducted from pre-test to soft interaction phase, pre-test to
hard interaction phase, and between both phases.

Some clear conclusions can be extracted from this linear regression analysis. In the soft interaction phase,
Young and Senior groups showed a steeply decreasing trend, while Kid group declined only slightly, indicating
that users with lower prior knowledge, especially in Young and Senior groups, achieved higher learning gains.
Most of the curves remain above zero on the Y-axis, reflecting positive outcomes. In the hard interaction phase,
Kid and Young groups patterns remained similar, but the Senior group’s curve flattens, reducing gains. Linear
regression confirms this shift as statistically significant for Senior iVR users. Overall, curves move closer to zero
with more users below it, showing reduced learning gains. These results reinforce the previous conclusions about
learning patterns in age groups. Learning outcomes tend to decline in the hard interaction phase, with this change
being significant in both iVR and video users according to the linear regression analysis. While Kid and Young
groups maintained their soft-interaction phase patterns, Senior group differed, with lower prior knowledge linked
to poorer results and higher pre-test scores associated with better outcomes.

6 Discussion

The discussion will be organized according to the three evaluation phases. Subsequently, a set of best practices
will be presented, taking into account the age groups and the outcomes of this study. Finally, the limitations of
the research will be discussed.

6.1 Phase 1: demographics and prior knowledge

The three age groups adequately represent the selected demographics. First, the Kid group is situated within the
“concrete operational” cognitive stage, characterized by sufficient logical and cognitive abilities but a need for
many sensory stimuli (Tengfei & Guanjie 2024), capable of using iVR devices, although supervision is required
(Rauschenberger & Barakat 2020). Gender distribution is balanced, which is expected given that participants
were recruited from a primary school class, and their low level of prior experience with iVR is consistent with
their young age. Finally, their few prior knowledge aligns with the educational stage to which they belong.

The age of the Young group is centered around the early twenties, although it shows a gender imbalance in
favor of male participants. This imbalance is likely due to recruitment from a smaller and more specialized class,
where gender bias resulting from class size is more probable. Their low level of iVR experience, together with
their higher level of prior knowledge, can be explained by the educational context of the group. As undergraduate
students in the humanities, they are expected to possess greater prior knowledge and might express less interest
in iVR technology than students studying in other fields (Assem & Morsi 2025).

Finally, the age of the Senior group is centered around 60 years, which according to the World Health Organi-
zation can be classified as elderly (Lin et al. 2018). The gender imbalance toward female participants, as well as
their level of prior knowledge, can also be explained by the educational context of the group, as participants were
recruited in courses for older adults which tended to be mostly female students (FORMOSA, 2014). Finally, their
low level of prior experience with iVR is not unexpected, as older adults tend to exhibit greater skepticism toward
new technologies (Al Khalifah et al. 2025).
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6.2 Phase 2: UX and behavior in iVR

UX results in this phase were positive, particularly regarding satisfaction, which aligns with common findings
in iVR research (Krupljanin et al. 2025).Despite this, Skill was the lowest-rated competence, likely because it
reflects the frequency and variety of interactions within the iVR experience, which may be challenging for some
users who require greater adaptation time (Abeele et al. 2021). Regarding behavior, one result shared across
groups was that the time spent at each level increased progressively, probably due to increasingly complex inter-
actions. However, user behavior became more similar during the hard interaction phase (Levels 3 and 4), likely
as a consequence of a waning novelty effect (Koch et al. 2018). In addition to these common results, each age
group exhibited distinct patterns in both UX and behavior within the iVR experience.

The Kid age group showed a clear preference for interactivity, rating interaction-related competencies, Usabil-
ity and Skill, more positively. Their particularly high value in Skill is noteworthy, as this was the lowest-rated
competency overall. This is not surprising given children’s greater tendency toward interaction (Bailey & Schloss
2024) and exploration (Muravevskaia & Gardner-McCune 2023). These tendencies were reflected in their iVR
behavior, as they completed and adapted to the levels quickly, exhibiting high behavioral indicators, especially
in the earlier, movement-based levels. This higher level of activity, particularly among boys, has been supported
by previous research reporting similar findings (van Dun et al. 2021). Although their post-test results were gener-
ally lower, their improved performance at Level 4 may result from repeated reconstruction attempts, which can
enhance learning through agency and interaction (Makransky & Petersen 2021).

The Young group stood out as the only group that consistently exhibited lower values across all competencies,
with UX scores only slightly above satisfactory. Several factors may explain this divergence. First, technology
anxiety may have been more pronounced in this group, as participants reported lower levels of prior iVR experi-
ence (Al Khalifah et al. 2025). In addition, this demographic typically shows lower motivational levels compared
to children (Cadet & Chainay 2021) and older adults (Dong et al. 2023). Finally, UX perceptions among the
Young group, who participated as part of their coursework, may have been negatively influenced by a lack of
intrinsic motivation (Ryan & Deci 2000). On the other hand, within this group, lower prior experience with iVR
appeared to favor higher presence and Satisfaction scores as a result of a novelty effect, which tends to benefit
more passive competencies due to fewer interaction difficulties compared to other age groups (Dong et al. 2023).
Regarding iVR behavior, this group exhibited short completion times and high behavioral indicators across all
levels, particularly standing out at Level 2. These results are consistent with previous research indicating that
young adults generally face fewer difficulties when interacting in iVR environments (Dong et al. 2023), partly
because they represent the most extensively studied demographic in iVR research (M. J. Kim & Kang 2023).

The peak differences observed at Level 2 reflect a strong novelty effect, highlighting the importance of gradu-
ally introducing new interactions to support user acclimation (Abeele et al. 2021). However, frequent changes in
interaction types appeared to trigger repeated novelty effects, suggesting that limiting the number of interaction
systems may be beneficial.

Finally, the Senior age group stood out for a stronger preference for passive competencies, particularly Immer-
sion and Presence. These findings align with prior research highlighting older users’ prefence toward Immersion
and Presence at the expense of more interactive competencies (Lorenz et al. 2023), especially in environments
with naturalistic aesthetics such as the theater of Clunia (Abeele et al. 2021). In addition, prior iVR experience in
the Senior group, who already exhibited high levels of Presence (Schaumburg et al. 2025), had a stronger impact
on competencies related to interactivity. Regarding iVR behavior, this group was slower in completing the lev-
els and showed lower behavioral indicators, which improved with increased time spent in the iVR experience.
Although their post-test results were good, they were slightly lower than those of the Young group. This outcome
was expected, as higher prior knowledge generally leads to better learning outcomes (Dengel & Magdefrau
2020); however, the results indicate that despite interaction-related challenges in iVR, the potential for improve-
ment among older users remains high (Chen & Or 2017). Taken together, these findings suggest that older users
can achieve favorable outcomes in hard interaction settings, but they require careful introduction and adequate
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acclimatization time (Ijaz et al. 2022). For shorter iVR experiences, a simpler design emphasizing presence and
immersion appears more suitable.

6.3 Phase 3: learning

Learning outcomes were satisfactory, with post-test scores comparable to those of the pre-test, which can be
considered a positive result. This was foreseeable, as the post-test covered more advanced topics, such as Isis’s
iconography, whereas the pre-test focused on her origins and general aspects of Roman culture (Bichi 2016). In
addition, scores in the soft interaction phase were generally higher than in the hard interaction phase, most likely
due to the increased complexity of Levels 3 and 4 and a renewed novelty effect (Miguel-Alonso et al. 2024).
Furthermore, questions in the soft interaction phase often addressed Isis’s Egyptian origins, a more familiar topic,
thereby introducing a difficulty bias. Regarding learning outcomes by device, clear differences were observed,
with generally higher scores in the video condition, particularly during the soft interaction phase. However, this
difference was much less pronounced in the hard interaction phase. It is important to consider the differences in
exposure time across phases, as these may have contributed to the observed device-related differences, which
were approximately one point on a ten-point scale. In any case, this pattern, like the other observed differences,
was more strongly modulated by age group.

To illustrate these differences and link them to the previous results, (Online Fig. 16) presents a series of
interaction plots. The bottom of the figure shows the interaction between learning outcomes in the soft and hard
interaction phases, separated by device, for each age group. The Y-axis represents learning scores. The top of the
figure illustrates the interaction between behavioral indicators and learning outcomes across the soft and hard
interaction phases for each age group. Z-score normalization was applied to both variables to enable comparison.
In all interaction plots, the CI range is displayed using error bars. The following paragraphs further explore these
age-related differences.

The Kid group exhibited relatively low learning outcomes, which is expected given their young age. Although
their overall learning gains were modest, they started from a similarly low baseline. However, this group showed
higher learning outcomes in the hard interaction phase under the iVR condition, highlighting the benefits of
increased interactivity for this age group and supporting prior findings on children’s enhanced learning through
interactive experiences (Zhao et al. 2019). In contrast, learning outcomes in the soft interaction phase were lower
for this group, with better results observed in the video condition. As shown in (Online Fig. 16), under the iVR
condition learning remained relatively stable across phases, whereas a sharp decrease was observed in the video
condition, indicating an interaction effect between phase and device. Furthermore, when behavioral indicators
are considered, behavior decreased during the soft interaction phase but increased substantially during the hard
interaction phase, a pattern that differs from that observed in the other age groups and highlights the importance
of learning through interaction and agency for this age group (Makransky & Petersen 2021).

The Young group achieved the highest post-test scores; however, their learning gains were not the highest
overall, remaining slightly below those of the Senior group. Nevertheless, it should be considered that improve-
ment is more difficult when starting from a higher baseline. This group followed the general pattern of better
learning outcomes in the soft interaction phase and lower performance in the hard interaction phase, with higher
learning scores in the video condition; particularly during the soft interaction phase. In this specific case, these
results should be interpreted with caution, as iVR participants in this group completed the post-test one week after
the experience, whereas video participants completed it after only a few minutes. This timing difference may have
influenced the results, potentially favoring the video condition. As shown in (Online Fig. 16), a slight interaction
between device and interaction phase can be observed, with a more pronounced decline in learning outcomes for
the video condition across phases. Regarding the interaction between behavior and learning across phases, both
variables exhibited a relatively similar decline, suggesting that interaction did not have a clear effect on learn-
ing for this group, which can also be observed in (Online Fig. 15). This may be explained by young adults’ high
adaptability to iVR environments (M. J. Kim & Kang 2023). In this sense, both interaction phases appear suitable
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for this age group, with observed differences primarily attributable to the increased difficulty of the hard interac-
tion phase (Bichi 2016).

The Senior group achieved the second-highest post-test scores, very close to those of the Young group, while
showing the highest learning gains overall. This outcome was mainly driven by participants in the video condi-
tion, who achieved the highest learning scores in both the soft and hard interaction phases, indicating that this
technology is particularly suitable for users within this demographic. When examining iVR users within the
Senior group, positive learning outcomes were observed in the soft interaction phase, which became negative
in the hard interaction phase, consistent with known interaction-related challenges among older adults (Chen &
Or 2017). Nevertheless, their stronger performance during the iVR soft interaction phase can be explained by a
preference for passive, presence-focused experiences (M. J. Kim & Kang 2023), suggesting that the first half of
the iVR experience was more appropriate for this group. Interaction plots in (online Fig. 16) indicate a steeper
decline from the soft to the hard interaction phase for iVR users. While behavioral indicators showed a slight
increase during the soft interaction phase, they decreased during the hard interaction phase. Furthermore, for the
Senior group, the convergence in performance observed in the later phases (Online Fig. 15), together with the
linear regression analysis of participants with lower prior knowledge, suggests a homogenization of the group.
This pattern is likely due to limited learning in iVR, causing post-test performance to depend more strongly on
prior knowledge and reducing the novelty effect. This stabilization led to lower motivation among participants
with less prior knowledge, whereas those with higher prior knowledge adapted more effectively to the interaction.
In any case, higher prior knowledge accentuated the differences observed among older participants during levels
involving greater interaction demands. In any case, low levels of interaction appear to be beneficial for learning
in this age group, whether through less interactive iVR experiences or via other formats such as video.

6.4 Best practices

The iVR experience revealed some usability issues linked to its experimental design, which prioritized research
requirements over commercial polish, despite being intended for a museum-like context. These issues were
mainly linked to the repeated introduction of new interaction systems, creating a strong novelty effect, especially
evident in Level 2, where differences were most pronounced. A more accessible design would rely on fewer,
well-introduced interaction types. Even so, user UX scores were high, and post-test results were favorable, often
surpassing those of the video condition, indicating that the design was successful and effective for knowledge
dissemination. However, for greater effectiveness, the design should also consider the specific needs of different
age groups (Hughes et al. 2017). The three age groups showed significant differences across all evaluation phases
(previously discussed), but all shared low of prior iVR experience, an important factor for mass audiences, who
usually lack such exposure (Puig et al. 2020). Nonetheless, as the iVR experience advanced, group differences
tended to diminish, suggesting that in longer sessions the novelty effect fades (Koch et al. 2018).

Additionally, the iVR experience revealed significant differences compared to the video, consistent with find-
ings from previous research (Wyssenbach et al. 2025). These differences were most pronounced when leveraging
iVR’s defining features, immersion and interactivity, with the appropriate age groups, namely Kid and Senior
groups. It highlights the importance of tailoring experiences to specific demographics groups and ensuring that
iVR content is developed with high LoD and optimization to maximize immersion (Dengel & Magdefrau 2020)
and interactivity (Ahn et al. 2023). Since the lack of realism in iVR experiences is considered one of the short-
comings in their design (Tuena et al. 2020). When these conditions are not adequately met, more established and
cost-effective formats, such as video, may prove more suitable. In fact, this study found that learning outcomes
in the soft interaction phase were generally higher with video. Although iVR is often associated with greater user
satisfaction, video outperformed it in certain aspects, such as soft interaction learning. Given that 3D models,
commonly employed as foundational resources, can serve multiple purposes, it is advisable to provide a video
alternative (or another inclusive format) alongside iVR experiences designed for broad audiences, particularly for
reasons of accessibility. In this study, 5% of participants had to rely on video due to disabilities preventing the use
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of iVR. While more accessible iVR designs are possible, they often diverge substantially from traditional formats
intended for mass audiences (Pedroza-Santiago et al. 2025).

The main findings are summarized in (Online Fig. 17) using a forest plot. For the iVR experience, scores for
time, learning in hard and soft interaction, UX and behavior are shown separated by age group are presented.
Values were computed using Z-score normalization, similarly to (Online Fig. 13). Given the diverse nature of the
values, the scale of some indicators was reversed to standardize the interpretation. Positive values are represented
as positive o to the right of the X-axis.

Considering the results of this research, the following series of best practices have been identified for the
design and development of iVR experiences aimed at a mass audience and adapted to different age groups:

e When working with 3D models, it is essential to leverage their flexibility to develop complementary and more
accessible experiences.

e Using iVR experiences with a mass audience requires more extensive planning due to the increased number
of challenges involved.

e For an iVR experience to be effective and preferable over more affordable and accessible technologies, it is
necessary to capitalize on its immersive and interactive features.

e It is advisable to focus the iVR experience on a few well-introduced mechanics to avoid inducing novelty ef-
fects in users.

e Immersion has proven to be a key factor for all age groups, making it essential to ensure high LoD and opti-
mization in iVR experiences.

e The longer the duration of an iVR experience, the less noticeable the differences between users become, in
terms of UX perception and learning outcomes.

e User-adapted design is more effective than a universal approach; however, effective universal experiences can
still be created by carefully considering general usability principles.

e High levels of interaction are suitable for children, but due to their agitation, it is necessary to moderate inter-
action and introduce educational content only after they have acclimated to the experience, especially among
boys.

e Young people can adapt to different interaction systems, so the design can be more flexible with this age group.

e Older adults take significantly longer to complete experiences, so it is preferable to design shorter experiences
while accounting for their longer completion times.

e Older users prefer and learn more from soft interaction experiences with naturalistic aesthetics; nevertheless, if
sufficient time is provided for proper adaptation, more complex experiences can be developed.

The results of this study are not only relevant within the field of CH, which served as the application domain, but
also have broader applicability to any area aiming to engage multiple demographics. While they are particularly
useful in CH due to the wide audience targeted by such applications (Gatto et al. 2025), the findings can be appli-
cable to other domains as well. Beyond CH, fields with high potential for these insights, due to their frequent use
with children, young adults and older adults, include education (Pellas et al. 2021) and rehabilitation (Tuena et
al. 2020). In education, the findings on experience design and its impact on learning have direct application, par-
ticularly for child and young adult demographics, which are often the primary target of such interventions (Pel-
las et al. 2021). Conversely, insights regarding older adults may be especially valuable in rehabilitation, where
applications are typically designed for this population and often rely on non-interactive experiences despite users’
preferences for interactivity (Ijaz et al. 2022). The guidelines derived from this study to improve user experience
are particularly relevant in this context, especially regarding the integration of interactivity, one of the main chal-
lenges for this age group (Chen & Or 2017). It should be noted, however, that this study was conducted with
healthy participants. Many applications in these fields are designed for individuals with advanced health condi-
tions, for whom these results may not be directly applicable (Baker et al. 2020).
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6.5 Limitations

Despite the contributions of this study, several limitations need to be considered when interpreting the findings.

First, although an effort was made to cover a wide demographic range in terms of age, certain age groups were
not included and therefore not analyzed. Specifically, adolescents and middle-aged adults were excluded due to
the inability to recruit participants from these age ranges. Including these groups could have strengthened the
study’s results and provided a more comprehensive understanding of age-related differences in iVR experiences.

Additionally, a potential gender bias should also be considered. This study focused on analyzing demographic
groups separately and comparing their results. For this reason, although the overall sample was relatively bal-
anced in terms of gender, clear imbalances were present in the Young and Senior groups. These disparities are
attributable to the educational context of the groups, which is often gender-skewed (FORMOSA, 2014), and rep-
resent a demographic limitation that should be addressed in future research. Although no clear gender differences
were detected in this study, this may be due to the uneven distribution of participants across groups.

Moreover, the use of the VA, while useful in this study for constructing the narrative of the experiences, could
have been enhanced by employing an autonomous agent (Wei et al. 2025). Such agents have been shown to
provide greater immersion and encourage higher engagement, even among less participative users (Oger et al.
2025). This limitation arises from the level design, which was primarily focused on exploring the most common
mechanics and interactions in iVR experiences. In any case, this aspect of the design was not fully leveraged, and
its impact on different demographic groups was not explored.

The difference in timing during Phase 3 of the evaluation represents a major limitation of this study, as admin-
istering the learning questionnaire either minutes or a week after the experience can significantly affect the
results. This bias was taken into account when interpreting the data. It arose due to logistical constraints of the
evaluation: since the study was conducted in real-world environments, the date, access time, and location were
limited by the participants’ availability, and most sessions took place outside the laboratory (Quirés-Ramirez et
al. 2025). This presented challenges for conducting multiple phases consistently.

For similar reasons, an adapted questionnaire was prioritized over standard UX questionnaires. The study
analyzed multiple competencies, which would have required several separate questionnaires if standard instru-
ments had been used. This could have led to participant survey fatigue (Jeong et al. 2023), in addition to further
complicating the logistics of the evaluation, which was sometimes conducted in non-laboratory settings with time
constraints.

7 Conclusions

In this study, the design and evaluation of a CH iVR experience at the Museum of Burgos has been presented.
The experience was directed at children, young adults, and elderly, with a video group serving as a control. The
iVR experience included four progressively complex levels, so that users could gradually engage with various
interaction systems. The design balanced duration, motivation, novelty effect, and potential iVR side effects,
supported by a narrative led by the VA, the goddess Isis of Clunia, and careful optimization. The iVR experience
and the video were evaluated using a sample of 206 participants distributed across three age groups (Kid, Young,
and Senior) through a three-phase assessment: prior knowledge and demographic characteristics, perceived UX
and data obtained from the iVR experience and post-experience learning outcomes. The evaluation yielded the
following findings.

e The Kid group responded enthusiastically to high interactivity, with particularly strong behavioral engagement
among the boys rather than the girls. They completed tasks rapidly and interacted confidently. Although their
learning outcomes with soft intreaction were higher with the video, they ultimately benefited from greater
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interactivity in terms of both learning and satisfaction. Their high motivation and quick adaptation suggest that
interactive formats are suitable for this group, provided that cognitive demands are introduced progressively.

e The Young group showed the highest adaptability and the shortest completion times across all levels, dem-
onstrating consistent behavioral performance regardless of interaction type. These attributes indicate a strong
potential for engaging with a wide range of iVR designs. However, their UX ratings were more moderate, pos-
sibly due to reduced novelty perception or a less involved attitude during testing.

e The Senior group displayed a clear preference for soft interaction and tended to place greater value on immer-
sive rather than interactive competencies, which aligned with their higher learning outcomes in such contexts.
Although they required more time to complete tasks, they showed notable improvements over time, underscor-
ing the importance of slower paced design. Older users can benefit substantially when iVR is properly adapted
to their preferences, even in more interactive formats.

e Comparisons between 1VR and video indicated that, if the advantages of more accessible and familiar formats
such as video are to be surpassed, then the key strengths of iVR, namely immersion and interactivity, must be
intentionally and effectively leveraged through optimization and design. Video remains a valuable and practi-
cal alternative whenever those conditions cannot be ensured, or when addressing audiences with accessibility
constraints. Nevertheless, tailoring experiences to user characteristics will yield better learning outcomes and
engagement. Universally designed experiences can also succeed when they are grounded in strong usability
principles and carefully considered design strategies.

These guidelines are not only relevant for Cultural Heritage, but also support the broader dissemination of iVR,
particularly in fields such as education and rehabilitation, which often target the same demographics analyzed
in this study. Future research will be focus on exploring the design patterns identified within each age group to
develop experiences that are specifically tailored to their needs. In that regard, further investigation will also
address strategies for the rapid reduction of the novelty effect during iVR experiences, a factor that has proven
to be highly relevant for facilitating user adaptation across different demographic profiles. To this end, the use of
fuzzy logic to adapt iVR environments based on performance-related factors can be highly valuable for develop-
ing systems that adjust to users’ varying needs in real time (Marougkas et al. 2025).
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