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Abstract

This paper presents NumbersPlayRoom VR, an exploratory study on a virtual
reality serious game designed to support the learning of fundamental numerical
skills in primary school children, particularly those with numerical learning diffi-
culties such as Developmental Dyscalculia. Grounded in numerical cognition and
multimedia learning theories, the system contains three mini-games that target
complementary components of mathematical reasoning: arithmetic fluency (Men-
tal Calculation), procedural column-based calculation (Column Counting), and
magnitude representation and mental number line (Block Sorting). The expe-
rience places the learner in a virtual classroom where they can interact with
numerical content through embodied actions in an immersive, distraction-free
environment. We report a two-phase empirical evaluation. In the first phase, adult
users tested the application and provided usability and appreciation feedback,
indicating high perceived usability and positive responses to the game design.
In the second phase, the system was deployed in a primary school with chil-
dren, including students with certified learning disorders. Quantitative data from
an emoji-based survey and in-game performance metrics were complemented
by qualitative observations from teachers and supervisors. Overall, the results



suggest that NumbersPlayRoom VR is usable, engaging and provides prelimi-
nary evidence of its potential as a complementary tool for supporting numerical
cognition in primary school children.
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1 Introduction

The acquisition of numerical skills is a fundamental stage in child development. How-
ever, for children with Developmental Dyscalculia (DD), who represent approximately
5-6% of the school population (Dowker (2024), Shalev and Gross-Tsur (2001)), this
process is hindered by persistent deficits in numerical cognition, i.e., the set of cog-
nitive processes involved in understanding and manipulating numerical quantities.
Mammarella et al. (2010) have highlighted the complexity of this domain, emphasis-
ing that numerical cognition encompasses various representations, including symbolic
(numbers), nonsymbolic (quantities), and verbal (number words) formats.

Cognitive models, such as Dehaene’s Triple Code (Dehaene (1992), Dehaene and
Cohen (1995)), describe numerical cognition as the interaction of three systems: the
analog magnitude system, the visual-Arabic code, and the verbal code. Deficiencies
in the analog code, specifically the visuospatial representation of number, i.e., the
mental number line, are seen as a hallmark trait of DD. Evidence from phenomena,
such as the distance and SNARC effects, supports the importance of spatial-numerical
associations in early number understanding (Cipora et al. (2020), Bachot et al. (2005)).

In addition, children with DD often show deficits in visuospatial working memory
and executive functions, which further hinder calculation skills and algebraic manip-
ulation (Berch et al. 1999). Therefore, effective interventions should not be limited to
practice arithmetic procedures, they should reinforce this fundamental link between
number and space. Recent neuroscientific research suggests that training with active
video games can improve brain plasticity and visual attention (key factors in learning
disorders) by remodeling fronto-parietal attentional networks (Bertoni et al. 2024).

In this context, many sericus games have been developed to support children
with DD, but the majority of them relies on traditional 2D screens. These stan-
dard solutions often fail to fully leverage spatial interaction and embodied cognition,
potentially limiting their engaging impact and leading to boredom or frustration over
time (Ferreira-Brito et al. 2019). Furthermore, mathematics anxiety often hinders the
performance of many students with dyscalculia (Broitman and Davis 2013) and the
immersive nature of VR can create a safe space for exploration without the pressure
of traditional school settings. This reduction in anxiety allows students to experiment
and learn from their mistakes in a supportive environment.

VR environments offer immersive, distraction-controlled spaces (Su et al. 2022)
where children can directly manipulate quantities (enabling the embodiment of math-
ematical concepts), receive an immediate multimodal feedback, and engage with
numerical concepts through embodied interaction rather than abstract symbolic
manipulation, enhancing retention. Literature on immersive learning highlights how



VR can increase engagement, sustain attention, and support understanding of abstract
concepts (Belter and Lukosch 2022; Acevedo et al. 2024). These features align with
Cognitive Theory of Multimedia Learning (CTML) as the integration of verbal, visual,
and kinesthetic channels can reduce extraneous cognitive load and promote richer
learning (Mayer 2005).

Despite existing studies highlighting VR’s educational potential, its use in this
domain remains limited. Current research is mostly confined to laboratory settings and
lacks comparison with standard methods or other game-based solutions (Mikropoulos
and Natsis 2011). Furthermore, many existing VR solutions lack specific design con-
siderations for children with learning difficulties, e. g., simplified interaction and game
design, and the presence of accessible, non-text-heavy instructions.

To address this gap, NumbersPlayRoom VR was developed as a virtual reality seri-
ous game based on cognitive theories of numerical processing and designed specifically
for children with numerical learning difficulties, in particular DD. The project aims to
offer an inclusive, playful, and immersive environment where mathematical concepts
can be explored through spatial interaction. Our solution targets specific components
of numerical cognition through three distinct mini-games: “Mental Calculation” for
arithmetic fluency, “Column Counting” for procedural skills, and “Block Sorting” to
reinforce the mental number line and magnitude representation. The system adopts
an inclusive design approach that minimises cognitive load, provides multimodal feed-
back, simplified controls, narrated instructions and visual cues that support learners
with Specific Learning Disorders (SLD).

This study aims to intersect inclusivity and educational applications in VR,
addressing the critical need for digital tools that are not only supportive but also
engaging and built on specific needs.

To mitigate the potential isolation caused by Head Mounted Displays (HMDs),
which can weaken engagement due to a lack of immediate feedback (Makransky et al.
2019), and in line with collaborative educational practices, the application is conceived
as a teacher-supervised activity. This approach is critical for students with learning or
self-regulation difficulties, who need constant guidance to avoid disengagement (Wang
et al. 2024; Makransky et al. 2017). By leveraging real-time screen mirroring, offered by
the most commonly used devices on the market, the experience becomes socially medi-
ated: educators can monitor students’ progress, providing them with verbal support,
thus ensuring a safe and guided learning environment that bridges the gap between
the physical and the virtual worlds.

Our goal is to show how theoretical knowledge about DD and visuospatial pro-
cessing can be translated into VR game mechanics, creating a complementary didactic
tool that supports traditional education. By addressing specific cognitive difficulties
through targeted design choices, we aim to provide a safe, engaging, and inclusive
environment where primary school students can reinforce their skills without the anx-
iety often associated with math. To this end, this study is exploratory in scope: it
addresses questions of usability and engagement rather than learning efficacy, as it
does not include pre/post cognitive assessments or a control group.

The following research questions guided our study:



RQ1 Does the immersive nature of the VR environment effectively sustain engage-
ment and motivation in primary school children, making it a usable and engaging
complementary resource in educational settings?

RQ2 Is it possible to design a VR serious game that is usable also by very young children,
including primary school students with diverse learning needs?

The paper principal contributions are:

® The operationalization of numerical cognition models and DD-related difficulties
into specific VR mechanics. This work demonstrates how abstract cognitive theo-
ries can be translated into a concrete, standalone application tailored for cognitive
reinforcement;

® An exploratory two-phase empirical evaluation: a preliminary usability study with
adults and a field test in a primary school involving 33 children. The results provide
qualitative and quantitative insights into the potential of VR as a complementary
inclusive tool in an educational setting.

A preliminary prototype of this system was presented in (Noro and Gaggi (2025)).

This paper is organised as follows: Section 2 reviews the related work in VR in
education. Section 3 details the design and implementation of the NumbersPlayRoom
VR system. Section 4 describes the evaluation methodology. Section 5 presents the
results of the user studies, which are summarised in Section 6. Finally, we conclude and
outline future work in Section 7. This game is not intended for diagnostic purposes.

2 Related Work

Inclusive educational design has been a central concern in learning sciences for several
decades, with researchers exploring how to design environments that accommodate the
full diversity of learners through engagement, motivation, and flexible representation
of content. A key contribution in this direction is the Universal Design for Learning
(UDL) framework, developed at CAST in the 1990s, which advocates for multiple
means of representation, action, and engagement to support learners with diverse
needs (Rose et al. 2013). Building on these principles, educational technology research
has progressively explored how digital tools, and serious games in particular, can
operationalize inclusive design by offering adaptive, engaging, and low-anxiety learning
experiences for children with learning disabilities (Jaddn-Guerrero et al. 2023).

More recently, the emergence of immersive virtual reality environments has opened
new possibilities in this direction, offering unprecedented levels of embodied interac-
tion and environmental control. Within this broader context of inclusive educational
technologies, several approaches have been specifically developed to support children
with mathematical learning difficulties, such as Developmental Dyscalculia (DD).

Numerous serious games have been proposed for this population, yet most rely
on traditional 2D platforms. Virtual Reality, by comparison, offers unique advantages
for mathematics learning. According to Belter and Lukosch (2022), the key benefits
include enhanced engagement and motivation, a multisensory learning experience,
simulation of real-world applications, and reduced anxiety in learning. VR creates an
immersive learning environment that can motivate students to actively participate in



their education and make learning more enjoyable. By engaging visual, auditory, and
kinesthetic senses, VR can help solidify mathematical concepts in a way that is more
memorable and easier to understand. Simulating real-world scenarios where math is
applied can be particularly beneficial for students who find it challenging to connect
math to everyday life.

Wang et al. (2024) showed that the use of VR technologies not only benefits learn-
ing but can lead to an improvement in self-regulated abilities regardless of the user’s
level of scholastic ability. Self-regulated learning (SRL) is defined as a learning pro-
cess where learners control and manage their own learning, including setting goals,
self-monitoring and self-assessment.

The rich and interactive learning experiences offered by VR are proven to enhance
learners’ cognitive abilities and engagement (Makransky et al. 2017). The same authors
also showed that it is really important to provide feedback or guidance during the use
of VR otherwise learners may feel isolated and this feeling can weaken their engage-
ment and cognitive abilities. Without immediate and concrete feedback, students may
face greater learning difficulties and potentially disengage from the learning process
(Makransky et al. 2019).

Students with lower learning achievements benefit from hands-on, authentic learn-
ing materials that make concepts tangible and memorable (DiFrancesca et al. 2016).
Their success in learning is closely linked to environments that promote active partic-
ipation and engagement, which helps sustain their motivation to learn. Furthermore,
since many of these students struggle with self-regulation, they need prompt and
constructive guidance during their learning journey (Xu 2022).

Despite existing studies highlighting VR’s educational potential ((Acevedo et al.
2024)), the use of VR in this domain remains limited. Current research is mostly con-
fined to laboratory settings and lacks comparison with standard methods or other
game-based solutions (Mikropoulos and Natsis 2011). Athynos (Avila-Pesantez et al.
2019) is an augmented (not virtual) reality serious game for children with Dyscalculia,
tested with 40 children aged between 7-9 years with difficulties in learning mathemat-
ics. Results showed that children took significant advantage of the training regarding
basic numeracy, sequential order and mathematical reasoning. Differently from our sys-
tem, Athynos runs on the Windows platform using a Kinect sensor 2.0 and cards that
integrate AR tags. Moreover, the game was not designed based on numeric cognition
and visuospatial reasoning.

Hornos-Arias et al. (2025) evaluated the relevance of digital serious games to detect
and rehabilitate developmental dyscalculia in children aged 5 to 12 years. The study
analysed 21 serious games, which focus more on remediation than on screening tools.
The most used platform is mobile phones; no game implements VR.

Pizza Al Lancio is a mobile application that implements a serious game to help
children understand fractions, in particular, equivalent and complementary ones. The
game is based on a delivery boy who accidentally eats a slice of pizza while transporting
it, and the player is asked to determine the fraction of the pizza eaten or left. The
game has been tested with two groups of primary school pupils (Gaggi et al. (2018)).



To the best of our knowledge, the only VR solution for improving mathematical
skill is Math World VR'. The students are placed around different areas in the world
to solve simple arithmetic problems in a fun way. The game implements 12 very simple
mini games like distinguishing between even/odd numbers with darts or selecting the
result of a multiplication or division by shooting a bow and arrow at the right number.
No studies are available to discuss the effectiveness of this game.

3 NumbersPlayRoom VR System

NumbersPlayRoom VR is a serious VR game designed to support the development
of numerical skills in primary school children, with particular attention to those
experiencing learning difficulties such as Developmental Dyscalculia (DD). The mini-
games are grounded in principles of numerical cognition and multimedia learning
theory, as introduced in the previous sections. The system leverages the immersive
and interactive nature of VR to create an engaging and cognitively accessible environ-
ment, fostering a “flow experience”, i.e., a state of focused concentration achieved by
balancing task difficulty with the learner’s abilities (Perttula et al. (2017)).

A key requirement was to minimise both physical and cognitive barriers. The sys-
tem was developed using the Unity engine and the open-source OpenXR framework,
enabling standalone execution across multiple VR devices while allowing full freedom
of movement within the virtual space. From a usability perspective, interactions, nav-
igation, and game mechanics were intentionally kept simple and predictable, allowing
children to focus on mathematical tasks rather than on mastering complex controls.

3.1 Main environment

The main gaming environment is a virtual classrooni (Figure 1). This setting was
chosen to provide a familiar context that reduces anxiety linked to novel environments,
while transforming the classroom into a more playful and stimulating space. For this
goal, a low-poly graphic style has been adopted, characterized by simple shapes and
bright colours. This style is also profitable in terms of performance and essential to
guarantee a smooth experience.

Consistent with cognitive load reduction principles, specifically the Coherence Prin-
ciples from CTML Coherence Principle (Mayer 2005; Wil 2016), the environment is
designed to focus attention on the relevant information. Core user interface elements
and the main components of each mini-game are centrally positioned on a virtual
board (Figure 2), which serves as a natural and familiar focal point for the target
user. Optional interactive elements (e.g., books, decorative objects, tools) are posi-
tioned towards the edges of the classroom. This layout encourages exploration and
interaction while minimizing distraction from the primary mathematical tasks?.

Thttps://www.meta.com/it-it /experiences/math-world-vr/4923914040997217 /?srsltid=Afm
BOoppalhlywkrDWeANcLJRk8qjuzQTD8qSLbCWTCBqQasc-melyg3

2 A video of the games is available at https://drive.google.com/file/d/1i40j5V{ZpgjdmZTHQgekmwYMbcG
Htu35/view?usp=sharing. The whole system was developed using the Italian language.
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Fig. 1: The classroom environment. Fig. 2: The blackboard.

3.2 Mini-games

The three mini-games developed so far target specific components of numerical cog-
nition that are often impaired in DD. Each game includes progressive difficulty levels
(easy, medium, hard) and focuses on distinct mathematical skills.

3.2.1 Mini-game 1: Mental Calculation

The Mental Calculation mini-game aims to strengthen mental calculation fluency and
arithmetic fact retrieval, with a focus on verbal and symbolic components of math-
ematical reasoning. Players are presented with a simple arithmetic operation (i.e.,
addition, subtraction, or multiplication) that can be solved mentally, without external
aids. They must then select the correct result from three possible options (Figure 3).
To increase difficulty and inhibit impulsive heuristic responses (i.c., calculating only
the unit), higher levels introduce distractors that share the saine unit digit with the
correct answer. Immediate multimodal feedback, including visual and auditory cues,
reinforces learning, and incorrect responses can be retried until the correct solution is
provided. At the end of each round, a score is assigned. The difficulty parameters for
this mini-game were designed reflecting the transition from arithmetic fact retrieval
to active working memory manipulation. In easy mode (i.e., numbers ranging from
0 to 10) with multiplication operations (restricted to times tables), users rely on the
verbal-lexical system for direct memory retrieval (Daniela Lucangeli 2010). As the dif-
ficulty increases, the range of numbers will exceed this automatic threshold (0-20 in
medium difficulty and 0-30 in hard), progressively requiring a switch to active working
memory manipulation.
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hard difficulty. Medium difficulty.

3.2.2 Mini-game 2: Block Sorting

The Block Sorting mini-game focuses on numerical magnitude representation and spa-
tial processing of numbers (i.e., mental number lines). Players must grab 3D blocks
with random numbers and place them on pedestals in ascending or descending order
(Figure 4). The physical act of manipulating, comparing, and placing blocks in vir-
tual space aims to reinforce the association between numerical symbols, quantities,
and spatial position (potentially supporting mechanisms such as the SNARC effect).
The number of blocks increases with difficulty, requiring more planning and working
memory. The number of items (3, 5, and 8 blocks) was set according to the known
limits of the visuospatial working memory and magnitude representation. The easy
mode (3 blocks) falls within the subitizing range, requiring minimal cognitive load
(Kaufman et al. 1949). The progression to 5 and 8 blocks forces the learner to move
beyond immediate perception, requiring active serial ordering and continuous magni-
tude comparison within the semantic systen, areas where children with developmental
dyscalculia typically show profound deficits. When requested by the child, the game
provides colour feedback on the sorting correctness and also supports trial-and-error
learning in a low-stress environment: in case of error, the student can freely rearrange
the blocks by picking them up again from the pedestals.

3.2.3 Mini-game 3: Column Counting

The Column Counting mini-game has been designed to support the procedural skills
and visual-spatial processing required for column calculation, an area in which chil-
dren with DD and Nonverbal Learning Disorder (NLD) often struggle (Crollen and
Noél 2015; Daniela Lucangeli 2010). Children must solve an arithmetic operation (i.e.,
addition, subtraction, or multiplication) by placing numbered cards (0-9) in the cor-
rect slots on a grid on the blackboard, following the column counting rules (Figure 5).
The system validates the placement of each digit and provides granular feedback, help-
ing to pinpoint specific procedural errors in the process. Difficulty levels systematically
manipulate syntactic and procedural load. The easy mode limits operations to two



digits (up to 99) without carry-over or borrowing, while medium mode opens the pos-
sibility to use these procedures within the same numerical range. Finally, hard mode
expands the syntactic complexity to three digits (up to 999), requiring greater use
of visuospatial working memory. When multiplication is selected, the game explicitly
focuses on multiplication tables, and the number of rounds is adapted accordingly. As
in the other mini-games, errors can be corrected freely: children may reposition cards
or discard them by throwing them into a virtual bin. Completion time is recorded and
used as the primary performance metric.
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Fig. 5: Screenshot from Column Fig. 6: Screenshot from the tutorial,

Counting mini-game, where the user many objects are placed on a table, the
miscalculated the tens digit in the result. player is encouraged to interact with
Addition exercise, Medium difficulty. them.

3.3 Tutorial

VR may be an unfamiliar technology for many children, particularly for those who are
very young. For this reason, an optional tutorial has been developed to facilitate the
learning of basic interactions. The tutorial is structured in four progressive, non-rigid
steps, each focusing on a specific in-game mechanic:

1. Ul interaction: learning to point and click virtual Ul buttons;

2. Movement: practicing with the teleportation system to explore the environment;

3. Grabbing: grab and manipulate virtual objects;

4. Socket interaction and Integration: use sockets (i.e., attachment point). This inter-
action combines all the skills learned previously into a small, gamified task that
asks the player to find a hidden key and insert it into the door lock (Figure 6).

To maximize clarity and reduce the learning curve, each step uses voice instruc-
tions, concise text, and dynamic highlighting of relevant buttons on virtual controllers.

3.4 Multimodal Interaction and Feedback

The interaction system has been designed to be as intuitive as possible, even for
novice VR users, and to minimize physical fatigue, such as the “gorilla arm syndrome”
(Hansberger et al. 2017). The main interaction takes place via raycasting from the
controllers, reducing the need for large and extended arm movements (e.g., to move
the cards in the Column Counting game. Direct interaction (e.g., grabbing the blocks



in the Block Sorting game) is also supported to enhance the sense of presence and
physical manipulation. Spatial movement mainly uses teleportation, a snapping system
that effectively prevents motion sickness (Golding 2016; Kim et al. 2018).

The experience uses a multimodal feedback system, which is particularly useful
for children with DD who can benefit from clear and immediate reinforcement. In
particular, we provide:

® Visual feedback: highlighting of targeted objects and useful control buttons, using
colours to identify correct answers (green) or errors (red), which are always furnished
with motivational and non-punitive text messages. This applies the CTML Signal
Principle to guide attention;

e Haptic feedback: light vibrations on controllers confirm selections, object grabs, or
correct/incorrect results;

e Auditory feedback: different sound effects support each interaction (click, grab,
release, snap), transitions between game states (start/end of rounds), and provide
positive reinforcement or a discreet indication of error.

The system also integrates synthesized voice instructions to briefly outline the
objectives and necessary actions at the beginning of each activity in the mini-games
and the tutorial. This choice aims to reduce the visual overload caused by reading
text on screen, improve accessibility, and allow children to focus more on the inter-
active aspect of the task, as requested by the CTML principles of Segmentation and
Coherence. The introduction of synthesized voice instructions is complementary to on-
screen instructions that are always present in floating side canvases, which, however,
individually suffer from the invisible gorilla effect or inatteution blindness (Simons
and Chabris 1999) as we discovered from the results obtained during the first testing
phase with adult users, described in Section 5.

4 Evaluation Methodology

A two-phase evaluation strategy was adopted to assess the system usability, engage-
ment, and educational potential. This approach combined:

1. a quantitative usability and appreciation assessment with impartial adult users
(Phase 1, N = 33);

2. a quantitative and qualitative in-class study with the target user group, i.e., primary
school children (Phase 2, N = 33).

Regarding the in-class study, it was conducted in accordance with ethical principles for
research involving minors. Written informed consent was obtained from the parents or
legal guardians of all participating children prior to the sessions. The school adminis-
tration formally authorized both the use of Head-Mounted Displays (HMDs) and the
collection of anonymized data. To minimize potential distress, supervisors were present
throughout all sessions, safe movement zones were established before each session, and
participants were free to interrupt their session at any time. Data were collected and
stored anonymously. Given the age of the participants, particular attention was paid



to physical comfort: session duration was kept short (average 20 minutes), and chil-
dren were asked about dizziness or discomfort immediately after headset removal.
This sequential methodology allowed us to validate and refine the application with
adults before deploying it in the school setting with children.

All tests were conducted using a Meta Quest 2 device with the application installed
stand-alone on the device.

4.1 Phase 1: Preliminary evaluation with Adults

The first phase of the study consisted of a preliminary usability evaluation involving a
generic adult sample. This session was designed to assess overall usability, instruction
clarity, and system stability with a broader, heterogeneous group before involving the
intended target users, i.e., children from primary schools, a vulnerable group. This
preliminary step enabled the identification and resolution of any technical or design
issues in a controlled setting, thereby reducing the risk of frustration or safety concerns
during subsequent classroom testing.

All participants followed a structured protocol that included free exploration of
the virtual environment, completion of the tutorial sequence, and interaction with the
mini-games at predefined difficulty levels. After the session, they completed two ques-
tionnaires: the System Usability Scale (SUS, (Brooke 1995)), measuring perceived
usability, and an Appreciation Survey, gathering additional feedback on enjoyment,
instructional clarity, perceived discomfort, and overall user experience. The insights
collected during this phase were used to identify critical usability issues and refine
the application before the formal evaluation with children. It is important to clarify
that this group was not intended to serve as a proxy for primary school children or
to evaluate educational efficacy. Rather, the primary objective was to identify and
resolve major usability flaws, interaction bottlenecks, and system bugs in a controlled
setting before exposing a vulnerable target group (children, potentially with learning
difficulties) to the technology.

4.1.1 Participants

Thirty-three adult volunteers, aged between 18 and 67 years, took part in the evalua-
tion of our application. 81,8% of users were in the 18-27 age range, with fewer in the
46-65 range (12,1%) and only a small number (6,1%) in the 28-45 range (Figure 7a).
Participants were recruited through personal contacts, members of the university com-
munity, and a snowball sampling approach, where respondents were invited to recruit
future subjects among their acquaintances (Parker et al. 2019). The sample aimed for
a balanced gender distribution, with 18 males and 15 females (Figure 7b). Each par-
ticipant completed the test individually to ensure independent and unbiased feedback.
Detailed demographic distributions are reported in Subsection 5.1.



Which age group do you belong to? Some studies show that males and females perceive VR
differently. Which gender do you belong to?

®18-27
® Male
® 46 - 65
® Female
28 - 45

(a) Age ranges of participants in Phase 1. (b) Gender dist. of participants in Phase 1.

Fig. 7: Demographic distribution of adult participants

Prior knowledge of VR experience

Before using the application, participants were asked to rate their familiarity with VR
headsets on a 1-5 Likert scale. The average score was 1.97. Figure 8 shows that most
participants had little or no prior experience with virtual reality. A Wilcoxon signed-
rank test confirmed significantly low prior experience (V = 11, p | .001, HL estimate
= -1.50, r = -0.93), with most reporting little to no exposure.

Are you familiar with virtual reatity

headsets?
10 8 9
5
2
. [ 0
1 2 3 4 5

Fig. 8: Familiarity Chart, “Are you familiar with virtual reality headsets?”

4.1.2 Testing procedure
Each participant underwent an individual test session following a standardised

protocol, which consisted of:

1. An onboarding phase, during which the supervisor introduced the VR controllers
and adjusted the Head-Mounted Display (HMD) to ensure optimal fit and visual
clarity;



2. Free exploration for a short period;

3. Completion of the in-game tutorial;

4. Playing mini-games at predefined level of difficulty (i.e., Mental Calculation - Hard;
Column Counting - Medium; Block Sorting - Hard);

5. Complete the SUS questionnaire;

6. Complete the follow-up Appreciation survey.

Participants were encouraged to explore interactions and intentionally make errors
to evaluate feedback systems. Sessions were monitored via screen mirroring for
observation and assistance if needed.

4.1.3 Testing method

After completing the interactive session, participants filled in two online questionnaires
built with Google Forms. The questionnaires were presented in separate sections and
responses were collected anonymously.

1. SUS Questionnaire: consists of 10 statements that users rate on a 5-point Likert
scale (1 = “strongly disagree” to 5 = “strongly agree”) (Likert 1932). These items
alternate between positive and negative phrasing to mitigate response bias (Brooke
1995). The proposed questionnaire, visible in Table 1, presents its standard formu-
lation except for question Q1, where the participant is asked: “I think I would have
liked to use this application frequently when I was a child”; since we did not ask
participants to impersonate a child.

2. Appreciation Survey: participants were also asked to rate various aspects of
the game on a 5-point Likert scale, where higher scores indicated a more positive
response. The survey, composed of 15 questions codified as AQn where n is the
question number, presents a first section that focuses on the three mini-games:
Mental Calculation (AQ1-AQ2), Column Counting (AQ3-AQ4), and Block Sort-
ing (AQ5-AQ6). Each game is evaluated in terms of user enjoyment and clarity
of instructions. The following set of questions examines the helpfulness of in-game
instructions (AQT), feedback mechanics {AQS), and the tutorial’s effectiveness in
teaching gameplay mechanics (AQ9). The questionnaire also explores potential dis-
comforts, such as muscle fatigue (AQ10) and motion sickness (AQ12), as well as
the overall engagement and immersiveness of the game environment (AQ11). Addi-
tionally, it assesses whether the game helps users focus by reducing distractions
(AQ13). Finally, demographic information is collected regarding the user’s gender
(AQ14) and age group (AQ15), with predefined age ranges from 18 to over 65. We
collect data about gender to understand if, as stated by some research, there was
evidence of a different biological perception of virtual reality between males and
females (Chattha et al. 2020; Golding 2006; Klosterhalfen et al. 2005; Munafo J.
2017). The questionnaire is fully reported in Table A1 of Appendix A.

4.2 Phase 2: In-Class testing with target user

After validating the games with adults and refining the whole system based on their
feedback, the system was deployed in a real classroom environment with the target



user group. The main objective of this phase was to investigate whether the game could
support the learning of mathematics in an engaging way. Due to time constraints,
it was not possible to evaluate long-term learning gains or diagnostic validity; these
aspects are left as directions for future work. This initial study aims at verifying the
usability of the VR technology in this context and, in particular, of our system.

4.2.1 Participants

Testing was conducted in a primary school in Belluno, Italy, within the “Istituto
Comprensivo Statale Belluno 8”. This school was chosen due to facilitated contacts
with school personnel who were willing to bring a new and challenging experience to
their classrooms. Participants included 33 pupils:

® 14 children from the third-grade class, aged 8-9.
® 19 children from the fifth-grade class, aged 10-11.

Of this sample, five students were identified with certified special educational needs:
two children in the third grade (presenting with ADHD, and autism) and three children
in the fifth grade (diagnosed with opposition defiant disorder, ADHD, and dyscalculia).

4.2.2 Testing procedure

Sessions were conducted over three days in a designated classroom equipped with two
separate testing stations. Supervisors monitored the children’s gameplay via remote
mirroring. A unified protocol has been established to conduct the tests uniformly to
ensure proper data collection. Safe zones were previously set by supervisors, setting
the limits as stationary to maintain an appropriately narrow boundary so the child
encountered no risk moving too far outside the designated spaces. The specific selection
of mini-games was agreed with teachers to ensure that the tasks were aligned with
curricular objectives and appropriate for the classes. Once selected, the presentation
order of the mini-games was chosen randomly. The testing procedure for this main
session was structured as follows:

1. Onboarding phase: the supervisor introduced the VR controllers and adjusted the
Head-Mounted Display (HMD) to ensure optimal fit and visual clarity;

2. Completion of the in-ganie tutorial;

3. Play a sequence of two mini-games. The first one was differentiated by grade level:

e Third-grade class: Mental Calculation (multiplication, medium difficulty);
e Fifth-grade class: Column Counting (addition, medium difficulty).

The second mini-game was the same for all children: Block Sorting (medium
difficulty).

4. Free-play time and exploration;

Removal of the HMD;

6. Completion of the Emoji Survey on a tablet (described in Section 4.2.3)

o

An extra testing session was conducted on the last day, in order to collect additional
data on the involvement and perceived difficulty of the mini-games. For this session,
a random sample of 6 children from the fifth grade was selected to test a set of



mini-games at Hard difficulty. The specific protocol for this session was structured as
follows:

1. Selection of participants using a random draw, ensuring gender balance;

2. Participants were asked to wear the headset independently and proceed directly to
the games without repeating the tutorial;

3. Play a specific sequence of mini-games, all set to Hard difficulty:

e (Column Counting: first subtraction, then addition;
® Mental Calculation: first addition, then subtraction;
® Block Sorting;

4. Short free-play session;
5. Completion of the specific Emoji Survey for the extra session.

Ti é piaciuto il gioco del
calcolo a mente?

Sitanto

-
Fig. 9: A screenshot from Emoji Survey App. The question is “Do you like the
game Mental Calculation” ?

4.2.3 Testing Method

Given the age group, the use of a SUS questionnaire was not considered appropriate.
Consequently, we create a more child-friendly system that we called Emoji Survey.
We used three assessmient tools:

1. Emoji Survey: a web application designed specifically for this study, featuring an
intuitive, bias-frec interface (Figure 9) where children rated their experience using
a 5-point emoji scale (e.g., from very unhappy to very happy face, similar to the
Smileyometer scale tool (Read and Horton 2025)). For each child, the same ques-
tions were asked®. For the main testing phase, the questions aimed to investigate
the appreciation of individual mini-games (EQ1, EQ2 and EQ3), checking for any
difficulties (EQ4, EQ5, and EQ6) and understanding the predisposition to use this
tool for learning (EQ7), while also considering engagement (EQS8). At the end, it
was asked if there was any physical discomfort or nausea (EQ9).

3We only changed the reference to games Mental Calculation or Column Counting according to class,
since the former was only proposed to the third-grade class, and vice versa, the latter was only proposed
to the fifth-grade class.



For the extra testing session, a specific 3-question survey was proposed to the
selected fifth-grade sample. These questions focused on the enjoyment of replay-
ing the game (SEQ1), whether the increased difficulty made the games more fun
(SEQ2), and the perceived difficulty level compared to the first session (SEQ3).
The full questionnaires are reported in Table A2 and A3 of Appendix A. Data were
collected anonymously on tablets and stored locally.

2. Qualitative Notes: supervisors systematically recorded observations about chil-
dren’s interactions, strategies, difficulties, spontaneous comments, and overall
engagement.

3. In-game scores: quantitative performance data for each game session (scores,
completion times) were automatically logged locally by the application’s leader-
board system for each mini-game.

4.3 Data Analysis

Quantitative data from Phase 1 were analysed by computing individual SUS scores
using the standard scoring procedure. Answers from the Appreciation Survey were
summarized using descriptive statistics, such as means and standard deviations, to
provide an overview of user enjoyment, instruction clarity, perceived discomfort, and
overall user experience.

In Phase 2, children’s Emoji Survey responses were analysed descriptively to quan-
tify enjoyment, perceived difficulty, and engagement for each mini-game. In-game
performance data, i.e., scores and completion times, were logged automatically by the
application and used to contextualize behavioural patterns observed during the ses-
sions. Qualitative notes from the supervisor were thematically synthesized to provide
context and deeper insights into the user experience. This analysis focused particu-
larly on usability issues, engagement factors, and the specific perceptions of children
with learning difficulties.

From the statistical point of view, data were analyzed in JASP (2025 version),
(Han and Dawson 2020), using non-parametric tests due to non-normal distribution
and a low number of Likert-scale respouses. The Wilcoxon signed-rank tests were used
to assess if medians significantly exceeded neutrality (value 3) in the utilized Likert
scales with adults and children (Field et al. 2012). The between-group comparisons
(third vs. fifth graders, n = 13 and 19) employed Mann-Whitney U tests, to test
differences across enjoyinent and ease-of-use items for the Block Sorting exercise (Field
et al. 2012). Furthermore, correlation analyses between in-game metrics and subjective
ratings were conducted using Kendall’s 7, (Field et al. 2012).

5 Results

This section presents the results of the two evaluation phases designed to assess the
usability, engagement, and educational potential of our VR application.



5.1 Adult User testing results
5.1.1 System Usability Scale Results

All 33 participants completed the SUS questionnaire after using the application. The
mean SUS score was 84.17, well above the threshold of 68, placing the application in
the “excellent” usability category, confirmed also by the Wilcoxon signed-rank tests
with positive responses across all 10 items (all 0 < V' < 561, all p j .001). The
ten questions, their average scores and the Wilcoxon analysis’ results are reported in
Table 1.

Table 1: Descriptive statistics of the SUS questionnaire responses (Mean= M,
Standard Deviation= SD and the Wilcoxon signed-rank test (V) metrics (p= p value,
HL= Hodges-Lehmann Estimate, r= Rank-Biserial Correlation))

Qn  Item M SD Vv P HL r

Q1 I think I would have liked to use this 4.24 0.75 378 {.001 1.50 1.00
application often when I was a child

Q2 I found the application complex with- 1.58  0.61 0 i .001 -1.50 -1.00
out needing it

Q3 I found the application very easy to 4.21 0.86 448 .001 1.50 0.93
use

Q4 I think I would need the support of 2.00 0.97 24 i .001 -1.5 -0.88

someone who is already able to use
the application

Q5 I found the various features of the 4.61 0.50 561 j.001 1.50 1.00
application well integrated

Q6 I found inconsistencies among the var-  1.33  0.48 0 i .001 -1.50 -1.00
ious features of the application

Q7 I think most people could learn to use 4.45 0.62 496  .001 1.50 1.00
the application easily

Q8 I found the application very complex 1.55 0.62 0 i .001 -1.50 -1.00
to use

Q9 I became very familiar with the appli- 4.06 0.83 343 .001 1.50 0.95
cation during its use

Q10 I needed to learn many processes 1.45 0.75 5 i .001 -2.00 -0.98

before being able to use the applica-
tion effectively

Analysis of Results

The overall results, i.e., the high mean scores and low standard deviations across most
items, show that users strongly agree that the system is intuitive and coherent. Items



related to integration of features (Q5, M = 4.61) and ease of learning (Q7, M = 4.45)
receive particularly high and consistent ratings.

Slightly higher variability appeared in question Q4 (Need for support, SD =
0.97), Q3 (Easy of use, SD=0.86), Q9 (Confidence, SD=0.83) suggesting that while
most users felt comfortable using the system autonomously, a small group required
additional guidance.

This finding indicates that virtual reality may not be intuitive for everyone, spe-
cially for those who never had previous experience with VR-systems. Negatively
phrased items (the even ones) scored low, confirming the system’s simplicity and inter-
nal consistency. In summary, the application achieved excellent usability regardless of
prior experience with VR systems.

5.1.2 Appreciation Survey Results

After completing the SUS questionnaire, participants rated their enjoyment and com-
prehension of each mini-game (see Table 2 and Figure 10). All three mini-games were
highly appreciated: mean values for enjoyment are always greater than 4.6 and they
are stastically different, accordingly to the Wilcoxon test, from the neutral value of 3
(See Table 2).

Table 2: Mini-Game Appreciation and Comprehension (N=33) (Mean= M,
Standard Deviation= SD, and the Wilcoxon signed-rank test (V) metrics: p= p
value, HL= Hodges-Lehmann Estimate, r= Rank-Biserial Correlation).

Mini- Enjoyment Confusion
game
M + A% o) HL I M + Vv o) HL r
SD SD
Mental Cal- 4.67+ 528 {.001 2.00 1.00 1394+ 52,50 .001 -2.00 -0.81
culation 0.53 1.15
Column 4.64+ 561 ;.001 150 1.00 1.76+ 86.00 j.001 -1.50 -0.69
Counting 0.56 1.35

Block Sort- 476+ 528 {.001 2.00 1.00 124+ 17.50 .001 -2.00 -0.93
ing 0.49 0.78

Block Sorting game achieved the highest appreciation scores and the lowest con-
fusion, suggesting excellent clarity of mechanics. These results make this specific
mini-game the most successful in terms of both engagement and clarity of mechan-
ics. Mental Calculation received high appreciation, though some participants found it
slightly more challenging. Column Counting maintained strong enjoyment but showed
greater variability in comprehension, indicating a need for clearer in-game instructions.

These results show that all participants clearly enjoyed all three activities. The
distinction lay not in enjoyment, but in comprehension: Block Sorting and Mental



Calculation felt naturally intuitive to most users, while Column Counting is considered
more challenging by a subset of participants.

| enjoyed the Mental Calculation | couldn't understand whatto do in
game. Mental Calculation game.
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(e) Block Sorting enjoyment (AQ5) (f) Block Sorting comprehension (AQ6)

Fig. 10: Mini-game appreciation and comprehension ratings

Physical Comfort and Cybersickness

Physical comfort ratings were highly positive. Most participants reported minimal
muscle fatigue (M = 1.33, SD = 0.64; V = 0, p j .001, HL = -2.00, r = -1.00) and



low levels of nausea or dizziness (M = 1.55, SD = 0.99; V = 10.50, p j .001, HL
= -2.00, r = -0.96), (Figure 11). All three players reporting nausea or dizziness are
males. These results indicate that neither the headset’s weight nor the movement
required for the interaction caused significant physical strain during the testing sessions
(Figure 11a). Discomfort, when reported, appeared linked to individual sensitivity
rather than demographic factors. Notably, it often occurred when participants used
the optional smooth locomotion mode instead of the default teleportation system.
This confirms that teleportation is an effective and comfortable navigation method for
reducing motion sickness risk.

| experienced muscle fatigue while | experienced dizziness or nausea
using the application. while using the application.
30
30 25 25 24
25 20
20
15 1
10
12 5 3 s 3 3 3
. [ | - 0 0 . - - - 0
1 2 3 4 5 1 2 3 4 5
(a) Muscle fatigue (AQ10) (b) Nausea and dizziness (AQ12)

Fig. 11: Physical comfort assessment

5.1.3 Critical Issues Identified

The first phase of the tests reported some critical issues, i.e., the participants did not
see the lateral instructions, or the conflicts with the snap turning control. Therefore,
voice guidance was added to the games, and interaction mechanics were improved
before classroom deployment.

Several participants reported difficulty noticing or following the on-screen written
instructions, deliberately located laterally in the virtual space, particularly in the
Column Counting game (see Figure 12). This issue is related to the phenomenon
of inattentional blindness, also called gorilla effect. This phenomenon is the
tendency to overlook peripheral information when concentrating on a task.

We note that participants often need the collaboration of the supervisor to under-
stand the game mechanics. To mitigate this need, short voice prompts were added
at the start of each mini-game and during the tutorial. This multimodal approach
reduced cognitive load and supported different learning styles. Following this improve-
ment, participants were able to understand the games immediately without further
clarification from the instructor.
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Fig. 12: Example of a floating instruction canva

Other two issues were solved before testing with target users: (1) repositioning of
blocks in the Block Sorting to prevent unintentional user movements that frequently
resulted in blocks falling out of the world, and (2) removal of the snap-turning control,
which occasionally conflicted with left-stick movement and object manipulation.

In summary, the adult testing phase revealed minor usability issues mainly related
to instruction visibility and control smoothness. Implementing voice guidance and
refining interaction mechanics significantly enhanced clarity and comfort, preparing
the system for classroom testing with the target group.

5.2 In-class Testing with children

The second evaluation phase examined how primary school children interacted with
NumbersPlayRoom VR in a real classroom environment. These tests aimed to observe
the children to assess their interaction with VR environment, their enjoyment, and the
potential use of our system as an educational tool for learning mathematics. Quanti-
tative data were collected using the Emoji Survey, while qualitative data were derived
from supervisor observations and in-game performance logs.

The user engagement during all sessions was remarkably high. Children approached
activities with enthusiasm and curiosity, and once immersed in the virtual envi-
ronment, they demonstrated focused behaviour and purposeful interaction. Teachers
reported that the level of sustained attention often exceeded what is typically observed
during traditional math exercises. Common engagement indicators included:

® virtual objects were examined in detail by moving closer to them;

® the process of reasoning was expressed verbally in an impulsive manner, e.g., “I
need one more block” or “This column is six”;

® the desire to either try again or to make the game more challenging;

® recurrent comments about their wish to have their own VR headset and play again.

5.2.1 Quantitative Results from the Emoji Survey

Children rated each mini-game and their overall experiences on a 5-point Likert-like
emoji scale, where higher scores correspond to more positive evaluations. The results
of the survey (see Figure 13) are shown in Table 3.



Table 3: Enjoyment and perceived ease of use of each mini-game by class (Mean=
M, Standard Deviation= SD, and the Wilcoxon signed-rank test (V) metrics: p= p
value, HL= Hodges-Lehmann Estimate, r= Rank-Biserial Correlation).

Class Mini- Enjoyment Perceived ease of use
game
M + A% P HL r M + A% P HL r
SD SD
Third  Block 4.85+ 91 ;.001 2.00 1.00 4.85+ 91 ;.001 2.00 1.00
Sorting  0.38 0.38
Fifth Block 4.68+ 187.50 ;.001 1.50 097 4.474+ 183 ;.001 1.50 0.93
Sorting  0.75 0.96
Fifth Column  4.47+ 171 ;.001 1.50 1.00 4.424+ 167 .001 1.50 0.95
Count- 0.61 0.84
ng
Third  Mental  4.92+ 91 ;.001 2.00 1.00 4.77+ 78 ;.001 2.00 1.00
Calcu- 0.28 0.60
lation

Block Sorting - Third grade

Block Sorting received a very positive reaction from third-grade students. Enjoyment
scores were extremely high (M = 4.85, SD = 0.38), indicating that the tasks were
enjoyable and appealing to the target users. Consistent with these scores, the perceived
ease of use scores were the same (M = 4.85, SD = 0.38), thereby mirroring the ease of
the task and its approachability. Wilcoxon signed-rank tests against the neutral value
of 3 confirmed highly positive perceptions of Block Sorting, (see Table 3). These results
suggest that this mini-game could be used as an introductory or confidence-building
activity within a set of mathematical tasks in our VR system.

Fig. 13: Child completing the Emoji Survey.



Block Sorting - Fifth grade

For fifth-grade pupils, Block Sorting remained the most appreciated activity. Enjoy-
ment registered across children was still high (M=4.68, SD=0.75), and although the
variability grew compared to third grade, the overall experience remained strongly
positive. The perceived ease of use of the game was slightly lower than for third-grade
children (M = 4.47, SD = 0.96), with a more varied range of answers. Even though,
Wilcoxon signed-rank tests for the fifth-grade class (n = 19) against the neutral value
of 3 confirmed highly positive perceptions of this game (see Table 3). This pattern
suggests that older children may approach the task using different strategies or have
different expectations. Some may find it trivially easy, while others may perceive it
as mildly cognitively demanding. The positive reaction from both groups of children
confirms that this mini-game is widely usable and appealing to different users. How-
ever, it also highlights that older participants may require more challenging content
to maintain engagement.

Moreover, Mann-Whitney U tests revealed no significant differences between third-
and fifth-grade students across items about Block Sorting’s Enjoyment (U = 115.50,
p = 0.67, r = 0.07) and Perceived ease of use (U = 101.50, p = 0.28, r = 0.18).

Column Counting - Fifth grade

The Wilcoxon signed-rank tests against the neutral value of 3 confirmed, also in this
case, positive perceptions of Column Counting, (see Table 3). Although enjoyment
remained high (M = 4.47, SD = 0.61), the higher variability suggests that the activity
had a different impact on fifth-grade children. Perceived ease of use followed the same
trend (M=4.42, SD=0.84), indicating that some users experienced this game as more
challenging than others. The game’s arithmetic complexity and its need for continuous
visual tracking may partly explain these results. While the game is still enjoyable, the
data suggest that it would benefit from greater precision when placing tiles or from
more difficulty tiers to address the varying skill levels within this age group.

Mental Calculation - Third grade

The Mental Calculation mini-game proved highly successful with third-grade pupils
(see Table 3 for the statistically significant Wilcoxon test’s results). Enjoyment lev-
els were very high (M = 4.92, SD = 0.28), indicating the overall appreciation and
exceptionally low variability. Not only did the children like the activity, but they also
did so consistently, with no notable outliers. The perceived ease of use also showed
excellent results (M=4.77, SD=0.60): pupils rated the game easy to use and most of
them experienced little or no challenge in completing the tasks. This aligns with the
game’s simple mechanics and short action—feedback loop. Overall, the findings suggest
that, at its current level of difficulty, Mental Calculation is highly usable and enjoy-
able for this age group. However, it may be too easy to stimulate deeper engagement
or cognitive challenges.

5.2.2 Qualitative Observations

A few usability considerations emerged across the sessions. Some participants often
expressed the desire to throw virtual objects presented in the classroom freely.



Although this interaction might be a bit distracting, it shows that the system can
effectively immerse players in the VR environment. Adding short, controlled moments
to the game could enhance its engagement. During Block Sorting task, many children
asked whether the blocks should be arranged from left to right or in the opposite
direction. This revealed a degree of ambiguity in the task, as well as some confusion
between increasing and decreasing order, especially among fifth-grade pupils.

A subset of children found the teleportation-based movement system unintuitive
or too static, preferring the continuous movement via the VR joystick. In one case,
this preference led to mild dizziness, highlighting the importance of providing a hybrid
movement option. Additional issues included difficulties with raycast pointing among
shorter or more timid children, who tended to hold the controllers close to their chest
(see Figure 14). In this case, the children required more time to familiarize themselves
with the environment. It was important to reassure pupils who initially expressed fear
of being judged on their performance; once reassured, they typically completed the
tasks successfully and with visible satisfaction.

G <

Fig. 14: A child playing Column Counting mini-game.

5.2.3 Extra Testing Session

Extra testing sessious were conducted after all the children had fulfilled the exper-
iment. Six children from the fifth-grade class were randomly selected to play some
of the mini-games again, with increased difficulty. Then, each child in this sample
answered a second version of the Emoji Survey to gather information on enjoyment
and perceived difficulty with the more challenging tasks compared to the first use of the
system. The results of the additional testing sessions are reported in the Table 4 with
the Wilcoxon signed-rank results for the extra session. They confirmed significantly
positive perceptions of the sessions.

As expected, the results of this additional test provide valuable insights into how
older pupils respond to increased difficulty. The first question (SEQ1) revealed a high
level of enthusiasm (M=4.83, SD=0.41), suggesting that participants were willing to
play again despite encountering more challenging tasks. This suggests strong interest
retention and a positive attitude towards repeated gameplay. The second question



Table 4: Extra testing session: enjoyment, fun, and perceived ease of use at higher
difficulty levels (Mean= M, Standard Deviation= SD, and the Wilcoxon signed-rank
test (V) metrics: p= p value, HL= Hodges-Lehmann Estimate, r= Rank-Biserial
Correlation).

Questions M + SD A% P HL r Interpretation

SEQ1 — Enjoyment (playing 4.83+0.41 21 ;.05 2.00 1.00 Very high enjoyment
again)

SEQ2 — Increased fun 433+0.52 21 .05 1.50 1.00 Moderately higher fun
SEQ3 — Perceived ease of use  4.00+0.63 15 .05 1.00 1.00 Slightly harder tasks

(SEQ2) showed that children generally found the harder version of the games more
enjoyable (M = 4.33, SD = 0.52), though there was slightly more variability. The final
question (SEQ3) recorded the lowest mean score (M = 4.00, SD = 0.63), confirming
that the advanced tasks were perceived as noticeably more difficult. However, it is
important to note that difficulty did not reduce engagement; instead, it appeared
to stimulate curiosity and motivation. These findings suggest that older pupils may
benefit from higher complexity levels, as more challenging tasks can sustain interest,
promote cognitive engagement and enhance the educational value of the mini-games.

5.2.4 In-Game Performance Metrics

In-game performance was logged automatically during Phase 2 and provides an objec-
tive complement to the Emoji Survey and the supervisors’ observations. Since one
participant with specific needs only explored the environment without completing the
protocol, a total of 32 valid gameplay sessions were analysed. Scores were interpreted
relative to the maximum achievable points for each mini-game and difficulty level; for
Column Counting, completion time was used as the primary performance indicator.

Block Sorting.

Block Sorting was completed by nearly all children across both grades. Twenty-nine
participants played at medium difficulty (maximum score = 15), obtaining near-ceiling
performance with an average score of 14.69/15. The registered scores were clustered
around the maximum value, with only minor variations and one lower outlier (12/15,
see Figure 15). This iudicates that the mechanics were understood immediately and
that the task was appropriately calibrated for both age groups. Three additional chil-
dren preferred the easy difficulty (maximum score = 9) due to low confidence in
mathematics; nevertheless, their performance remained high (two perfect 9/9 scores
and one 8/9). These data confirm Block Sorting as the most usable activity, coherently
with its high enjoyment and ease ratings in the Emoji Survey.
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Fig. 15: Scores obtained in Block Sorting at medium difficulty.

Mental Calculation.

Performance in Mental Calculation was also consistently high among third-grade
pupils. For addition and subtraction at hard difficulty (maximum score = 9), all four-
teen participants completed the task with an average score of 8.86/9, showing strong
accuracy despite the higher cognitive demand. Multiplication at medium difficulty
(maximum score = 15) was completed by thirteen children, with one missing log due
to an incomplete session closure. The average score was 14.38/15, and only a few
attempts showed moderate drops (12-13 points). Overall, these results suggest that
the mechanics were quickly learned and confirm that the mini-game was well-suited
to the third-grade group (see Figure 16).
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Fig. 16: Scores obtained in Mental Calculation tasks.

Column Counting.

Eighteen fifth-grade children completed the Column Counting task at medium diffi-
culty; one pupil experienced difficulty with the structured task and was allowed to
interact freely with the environment; for this reason, no valid performance record was
collected. Task performance differences for this task emerged mainly in completion
time rather than accuracy. Completion times ranged from 02:28 to 06:23, with a
mean of 04:14 (SD ~ 01:05). This variability, depicted in Figure 17, suggests a higher
and less uniform cognitive load compared to the other tasks, likely due to the need



to align digits, manage carry operations, and sustain visual attention across multiple
elements. The dispersion in timing closely matches the Emoji Survey results, where
Column Counting received the widest spread in perceived ease of use.

Column Counting (Medium) - Fifth Class
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Fig. 17: Completion times (in seconds) for Column Counting at medium difficulty
(fifth-grade); with mean line and confidence interval

Together, these quantitative performance metrics confirm that the children were
able to engage effectively with the mathematical tasks. Block Sorting and Mental
Calculation produced near-ceiling accuracy and rapid comprehension, while Column
Counting displayed a more demanding profile reflected in longer and more variable
completion times. These outcomes align with the subjective ratiiigs and qualitative
notes, reinforcing the suitability of the system for short classrooni learning sessions.

Correlation Analysis between In-game Metrics and the Emoji Survey

To investigate the relationship between performance metrics and subjective experi-
ence, a correlation analysis was performed. Given the small sample size depending on
the task and the non-normal distribution of the data (as confirmed by the Shapiro-
Wilk test, p j .001), non-parametric tests were employed. Overall, the correlations
between the Emoji Survey ratings and objective performance metrics (scores and com-
pletion times) did not reach statistical significance in most tasks (see Table 5). This
result suggests that students’ subjective enjoyment or perceived difficulty are only in
some cases directly related to their actual performance. However, some specific signif-
icant correlations emerged from the data. About the Mental Calculation, a significant
positive correlation was found between “Enjoyment” and “Perceived ease of use” (7,=
0.60, p i .05). This suggests that, for the third class, a higher perception of usability
was associated with higher enjoyment with this minigame. Second, in the Block Sorting
a significant positive correlation was observed between “Enjoyment” and “Perceived
ease of use” (1,= 0.34, p | .05). This suggests that also for the total sample of chil-
dren from third and fifth classes, a higher perception of usability of the Block Sorting
minigame was associated with higher enjoyment.



Table 5: Comprehensive Correlation Analysis between In-game Metrics and
Subjective Ratings in the Emoji Survey (1, = Kendall’s 7,, p= p value, CI=
Confidence Intervals).

Task Correlated variables Tp P 95% CI
[Lower, Upper]
Mental Calculation Enjoyment — Perceived Ease 0.60 ;.05 [0.32, 0.88]
Enjoyment — Points -0.18 0.51 [-0.42, 0.06]
Perceived Ease — Points 0.29 0.28 [-0.06, 0.64]
Column Counting Enjoyment — Perceived Ease 0.37  0.09 [0.08, 0.67]
Enjoyment — Completion Time -0.11  0.61 [-0.48, 0.27]
Perceived Ease — Completion Time  0.02  0.92 [-0.37, 0.41]
Block Sorting Enjoyment — Perceived Ease 0.34 .05 [0.16, 0.53]
Enjoyment — Points 0.05  0.79 [-0.11, 0.20]
Perceived Ease — Points -0.05 0.77 [-0.21, 0.11]

5.2.5 Children with learning disorders

The following observations concern a small sample of children with certified learning
disorders and should therefore be interpreted as exploratory qualitative insights rather
than as systematic evidence of effectiveness. These cases are reported to highlight
potential directions for future research. Despite the limited sample size, some recurring
behavioral patterns were observed during the sessions.

In the third-grade class, two children presented certified conditions: one with
ADHD and one with non-verbal autism. The child with ADHD demonstrated a
good level of autonomy and engagement, completing the assigned tasks with only
minor lapses of attention to the game instructions. The child with non-verbal autism,
although not formally assessed within tlie study, explored the virtual environment with
evident curiosity and engagement. This participant expressed a preference for contin-
uous locomotion using the joystick, suggesting that the default teleportation system
may not be optimal for all users.

In the fifth-grade class, three cases were observed. The child with oppositional
defiant disorder experienced difficulties with the teleportation system, which led to
an interruption of the session, highlighting the need for more flexible navigation
options. The child with dyscalculia was able to complete the assigned calculations
independently, maintaining focus throughout the activity, albeit at a slower pace. The
second child with ADHD appeared more distracted during the initial interaction but
showed increased focus in subsequent tasks, particularly at higher difficulty levels, and
expressed interest in further interaction with the virtual environment after completing
the exercises.

Teachers reported that some pupils who typically struggle with attention or arith-
metic in traditional classroom settings appeared more focused and motivated during
the VR activities.



Even if these observations are encouraging, they are based on a limited number
of cases and do not allow for generalizable conclusions regarding effectiveness. Future
studies with larger and more targeted samples, as well as controlled experimental
designs, are needed to systematically evaluate the impact of VR on learners with
specific educational needs.

6 Discussion

The present study aligns promisingly with recent benefits reported in the literature for
the use of VR in school-based learning, including for children with learning difficulties
such as DD (Jaddn-Guerrero et al. 2023; Wang et al. 2024). More broadly, this study
offers several contributions to the current state of the art. The majority of serious
games reviewed by Hornos-Arias et al. (2025) focus on mobile platforms rather than
VR environments and are oriented toward remediation without a systematic ground-
ing in numerical cognition models. Athynos (Avila-Pesantez et al. 2019) and Math
World VR are some examples. NumbersPlayRoom VR instead explicitly operates on
cognitive models and develops distinctive game mechanics that focus on specific cog-
nitive components known to be deficient in DD, going beyond the laboratory-limited
research reported by Mikropoulos and Natsis (2011). Our primary aim was to explore
the usability, engagement, and educational potential of our VR game in an ecological
school environment. To achieve this, we designed a two-phase experiment.

A first testing phase was conducted with adults (N=33), confirming the system’s
high usability (SUS score = 84.17) and robustness, validating the inclusive design
choices, and allowing for the correction of identified usability issues. The importance
of this finding is also supported by prior work showing that early-stage testing with
end users and other expert stakeholders is essential for designing VR tools that are
functional and minimally confusing for children (Fowler et al. 2024).

During Phase 1, all mini-games scored high enjoyment (;4.6), significantly above
neutral and confirming educational appeal despite low VR experience in adults. Block
Sorting excelled in clarity, followed by Mental Calculation, while Column Counting
showed higher variability in user confusion, suggesting instructional refinements. These
patterns align with VR mini-game studies where clear mechanics boost comprehension
and motivation even across experience barriers (Agho et al. 2023).

Moreover, the physical comfort and qualitative findings from Phase 1 highlight the
VR application’s stuccess in minimizing cybersickness and addressing early usability
issues through iterative design, supporting its readiness for educational deployment.
This phase, therefore, bridged adult proxy testing and the target population, reinforc-
ing the importance of design and co-design in the development of educational tools
(Tobar-Munoz et al. 2023).

After incorporating usability improvements identified in Phase 1, Phase 2 was
conducted with children from third and fifth grade.

The in-class testing reveals NumbersPlayRoom VR’s strong suitability as an engag-
ing, accessible math tool for primary school children, with near-ceiling performance
and enthusiasm across grades confirming its educational potential. In particular, Emoji
Survey means (;4.4) significantly outperformed the neutral value of 3, aligning with



VR literature showing immersive environments boost motivation and focus in 8-11-
year-olds via embodied interaction (Kurniawan et al. 2019; Belter et al. 2023). Block
Sorting and Mental Calculation excelled (third grade: M=4.92 Enjoyment, SD=0.28),
while Column Counting’s variability (fifth grade: SD=0.84 Ease of use) reflects age-
appropriate challenge without deterring appeal. In addition, no significant differences
emerged between third and fifth graders on Block Sorting, indicating broad usability
of our serious game. Furthermore, the extra sessions demonstrated scalability: chal-
lenge increased perceived difficulty but sustained fun, suggesting adaptive difficulty
for sustained engagement, as we will discuss in the following paragraph as a possible
future line of research. The classroom testing with the target audience (N=33) pro-
vided preliminary evidence that the VR environment can support engagement and
motivation (answering to RQ1). These results carry broader design implications for
immersive educational tools.

An interesting point is the lack of correlation between enjoyment/ease of use and
game metrics. This may indicate that children derive enjoyment from the intrinsic
engagement of VR experience rather than from performance outcomes, supporting the
tool’s motivational value independently of skill level. Harris (2005), for example, found
that high motivational scores in VR play among children were independent of per-
formance, driven by intrinsic factors such as challenge and variability (not outcomes)
(Harris and Reid 2005). This point remains interesting to explore in future studies,
despite the numerical limitations of our data—which may have acted as a limiting
effect (discussed in Section 6.1).

However, a contrast emerged between Phase 1 and Phase 2 (with children): voice
guidance should be treated as a baseline design requirement rather than an optional
enhancement, particularly for young or cognitively diverse learners. In line with
Mayer’s CTML, delivering instructions through the auditory channel reduces extra-
neous cognitive load and frees attentional resources for the mathematical task (Mayer
2005). Complementarily, our tests suggest that on-screen text instructions should be
placed near the relevant visual cue or in a peripheral area within the virtual envi-
ronment, ensuring they are available when needed without being intrusive (Su et al.
2022).

Moreover, the differential success of the three mini-games suggests that the closer
a VR mechanic is to direct enibodied manipulation of numerical concepts in space, as
in Block Sorting, the more naturally it supports engagement and comprehension, con-
sistent with thecretical accounts of spatial-numerical association (Belter and Lukosch
2022; Acevedo et al. 2024). This suggests that VR offers a uniquely suitable medium
for grounding abstract numerical concepts in spatial, embodied experience, some-
thing that 2D screen-based tools structurally cannot replicate (Hornos-Arias et al.
2025). Conversely, tasks with higher procedural complexity, such as Column Counting,
demand more careful interface design to prevent extraneous cognitive load from inter-
fering with mathematical reasoning. Regarding navigation, our observations suggest
that while teleportation effectively prevents cybersickness, often children (especially
those with ADHD) showed a clear preference for continuous movement, perceiving it
as more intuitive and less disruptive to their engagement. This points to the need for
hybrid navigation solutions that preserve the comfort benefits of teleportation while



offering the fluidity of continuous movement: for instance, through joystick-driven loco-
motion combined with discrete screen transitions (e.g., spatial ”jumps” or brief fades
to black) that prevent the visual-vestibular conflict responsible for motion sickness.

Qualitative observations revealed that children spontaneously treated free inter-
action with the virtual environment as an informal reward after task completion,
expressing a desire to explore and manipulate objects beyond the structured exercises.
Deliberately integrating such moments of free exploration and object manipulation
after exercise completion could therefore serve as an intrinsic motivator, supporting
engagement without compromising educational goals.

Promising results were observed with children with specific learning disorders.
Teachers reported that the results observed in VR appeared to exceed the typical class-
room performance of these students, though these observations remain qualitative and
should be interpreted with caution. They reported sustained attention and engage-
ment rarely seen with traditional teaching tools. Essentially, these students were able
to complete complex tasks (such as Column Counting) with a surprisingly low error
rate and a degree of autonomy that they often struggle to achieve in standard lessons.
This strong interest from teachers in supporting children suggests that external feed-
back, as well as feedback provided during gameplay, can act as guiding factors that
help children using VR headsets to complete tasks and remain engaged (Makransky
et al. 2019).

These observations, combined with data collected from questionnaires, suggest
that the VR environment may help reduce external distraction, allowing them to
focus entirely on mathematical logic in a safe and playful space, also according to the
recent literature studies (Su et al. 2022). This is particularly relevaut in the context of
mathematics-related anxiety: the immersive, distraction-controlied nature of the VR
environment appears to create a low-pressure space where students feel free to exper-
iment and make mistakes without the social exposure typical of traditional classroom
settings (Belter and Lukosch 2022), a condition that may be especially beneficial for
learners with specific educational needs (Broitman and Davis 2013).

These results highlight that virtual reality may represent a promising complemen-
tary tool in education and is usable by very young children, even with diverse learning
needs (RQ2). By bridging the gap between cognitive theory and teaching practice,
NumbersPlayRoom VR can promote an engaging, targeted and inclusive learning envi-
ronment in which every student, particularly those with greater difficulties, can find
support and motivation. As an exploratory investigation, this study provides the basis
for a tool that is technically feasible, instructionally useful, and enjoyable for children.

6.1 Limitations

Despite the promising results, several limitations must be acknowledged. Firstly, the
sample size is relatively small (N = 33) and was drawn from a single school using con-
venience sampling. This introduces potential statistical power limitations and selection
bias that limit the generalizability of the findings beyond the specific educational and
cultural context in which the study was conducted.

Moreover, this is an exploratory study and did not include a possible control group
as a waiting list or other active groups involved in traditional activities or 2D games,



nor did it include standardised pre- or post-assessments of numerical competence.
Consequently, it is not possible to isolate the specific contribution of virtual reality
to learning progress or to attribute any observed improvements in performance or
engagement directly to the VR system itself.

The outcome measures regarding cognitive improvement were mainly observational
and qualitative, based on teacher feedback, emoji-based self-reports, and in-game
performance metrics. While these indicators provide useful insights into usability,
engagement, and feasibility, they represent indirect proxies of learning and do not
allow for a rigorous assessment of cognitive gains.

A possible methodological weakness is the fact that we employed the ad hoc Emoji
Survey. This choice was motivated by the potential superior comprehension of visual/e-
motional cues for children with numerical difficulties, where traditional numeric Likert
scales might introduce comprehension barriers. While ad hoc tools carry validation
risks compared to established literature instruments (e.g., Read (2008)), future stud-
ies could employ different approaches in parallel (emojis or, for example, using a slider
between two extremes) to directly compare and validate our emoji-based methodology
against standardized measures, strengthening its generalizability. It is worth noting
also that using emojis as a response scale, even if supported in literature (Massey
2022), can introduce response biases. Children may choose the “friendliest” or most
positive-looking icon rather than the one that best matches their true answer, which
is similar to an acquiescence effect (Kooijmans et al. 2022). And a second concern
is interpretive difficulty. Emojis are not always understood in a consistent way, and
emotionally loaded symbols may also add an extra layer of interpretation that could
be harder to process for children with learning disabilities (Lesniak and Grzybowski
2021). In this sense, the qualitative findings from interviews and even more the in-
game objective metrics are crucial for providing interpretive coherence and contextual
consistency to our quantitative self-report results

Although the system is designed to support children with numerical learning dif-
ficulties, the empirical sample included only a very limited number of students with
certified learning disorders (see 5.2.5). This mismatch between the target population
and the evaluated sample further constrains the ability to draw conclusions regarding
the system’s applicability to learners with specific educational needs.

These limitations reflect practical constraints, including restricted access to schools
and limited time for experimentation, which prevented the implementation of a
longitudinal design or controlled comparisons with alternative learning methods. More-
over, while no significant correlations were observed between enjoyment/ease of use
and game performance metrics, this null finding may be attributable to two main
limitations: a ceiling effect in task performance, where most participants achieved
near-maximal scores, and the limited sample size, which reduced statistical power to
detect potentially meaningful associations. Future studies should address these limita-
tions by expanding the sample size and implementing Dynamic Difficulty Adjustment
(DDA) to create more challenging, personalized learning experiences (Lucia et al. 2026;
Lopes and Lopes 2022). DDA would enable adaptive learning paths that dynamically
scale task difficulty according to individual performance, preventing ceiling effects and
better discriminating between participants’ abilities.



We also cannot exclude the possible role of the novelty effect, although the sus-
tained engagement observed in the additional testing session provides preliminary
evidence that motivation is not attributable solely to the initial exposure to the system.

Teacher training and device management represent practical barriers for full-sized
classroom adoption of NumbersPlayroom VR. Scalability can therefore be considered
a key limitation, as is common with emerging educational technologies (Soltani and
Rostami 2025): devices may not be available in all schools or in sufficient numbers to
cover entire classes, requiring time-based sharing of resources. In addition, teachers
would need adequate training to effectively integrate such tools into their practice. In
this regard, a future co-design study involving teachers could represent a valuable step,
both to support their inclusion in the development process and to provide an initial
form of training (Han et al. 2025). However, the use of a standalone platform such
as the Meta Quest 2, which requires no external PC and represents a relatively low-
cost entry point compared to more resource-intensive VR solutions, partially mitigates
hardware cost concerns.

For these reasons, the findings of this study should be interpreted as exploratory
and usability-oriented, rather than as evidence of learning efficacy through our VR
mini-games. A further consideration concerns the use of HMD displays with school-
age children, a topic of ongoing debate in the research community (Bexson et al.
2024; Kaimara et al. 2022). While our data indicate minimal physical discomfort,
the long-term effects with young children remain insufficiently studied. The sessions
were deliberately kept short and conducted under continuous supervision to mitigate
potential risks. Future longitudinal studies should carefully monitor exposure duration
and physical wellbeing alongside cognitive outcomes.

7 Conclusions and Future Works

This paper presents the design, development, and evaluation of NumbersPlayRoom
VR, a serious game tailored to enhance numerical skills in primary school children,
with a specific focus on inclusivity for learners with Developmental Dyscalculia (DD).
Future work will be dedicated to address some usability issues based on user feed-
back. Specifically, we will implement targeted HCI improvements to reduce extraneous
cognitive load observed in the Column Counting task. These include refining the snap-
to-grid mechanics, introducing subtle visual indicators to guide card movement and
release, and adding dedicated visual slots for carry-over and borrowing operations.
We also plan to investigate a “hybrid” movement system to solve problems encoun-
tered with the teleportation system, which causes difficulties, especially to children
with ADHD. One possible solution is a continuous movement system that uses tran-
sitions to black to hide movements to avoid motion sickness. Furthermore, children’s
desire to interact freely with objects suggests that incorporating more physically active
mechanics could further increase motivation and engagement without compromising
educational goals. To further support gamification, a reward system is also essential,
and we plan to implement new mini-games that cover broader mathematical aspects
and a more granular, adaptive difficulty system (useful for maintaining flow state).



Moreover, the limited number of children and the absence of a control group limit
this study to an exploratory investigation, which provides the basis for a tool that is
technically feasible, instructionally useful, and enjoyable for children. A longitudinal
study with a larger number of children and a control group will allow us to obtain a
clearer, quantitative picture of cognitive improvement and skill retention by comparing
the current VR experience with traditional exercises.

Future studies could replicate this research while accounting for gender differences.
We believe that implementing serious games for learning represents one of the first
opportunities to bridge the gender gap in mathematics, while also serving as an initial
approach to spark curiosity among young girls toward computer science.

Finally, to facilitate adoption in schools and collaboration between students and
teachers, future studies will investigate the use of a companion app that will enable
the exercises customisation and evaluation, in addition to real-time monitoring.
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Table A1l: Appreciation Questionnaire Items.

ID Item Type/Notes
AQ1 I enjoyed the Mental Calculation game. Likert Scale
AQ2 I couldn’t clearly understand what to do in the Mental Calculation game. Likert Scale
AQ3 I enjoyed the Column Counting game. Likert Scale
AQ4 I couldn’t clearly understand what to do in the Column Counting game. Likert Scale
AQ5 I enjoyed the Block Sorting game. Likert Scale
AQ6 I couldn’t clearly understand what to do in the Block Sorting game. Likert Scale
AQ7 I found the instructions within the games useful and well-integrated. Likert Scale
AQ8 I found that the hints and feedback (e.g., in case of error) within the games  Likert Scale

were unclear.
AQ9 I found the tutorial useful for learning the game mechanics. Likert Scale
AQ10 T experienced a feeling of muscle fatigue while using the application. Likert Scale
AQ11 I found the game environment fun and engaging. Likert Scale
AQ12 T experienced dizziness or nausea while using the application. Likert Scale
AQ13 I found that the game helped me remove distractions and focus on the goal.  Likert Scale
AQ14  Some studies shows a different biological perception of virtual reality between  Selection

males and females. To what gender do you belong? (Male/Female)
AQ15 To which age group do you belong? Drop Selec-

tion*

*AQ15 Possible Answers: 6-14, 15-27, 28-45, 46-65, Over 65

Table A2: Emoji Survey Items.

ID Question Polar Labels

EQ1 Did you like the Mental Calculation game? N No at all / Yes very much
EQ2 Was the Mental Calculation game difficult? Very difficult / Very easy
EQ3 Did you like the Column Counting game? No at all / Yes very much
EQ4  Was the Column Counting game difficult? Very difficult / Very easy
EQ5 Did you like the numbered blocks game? No at all / Yes very much
EQ6  Was the numbered blocks game difficult? Very difficult / Very easy
EQ7 Would you like to use these games for math? No at all / Yes very much
EQ8  Were the games ifun? No at all / Yes very much
EQ9  Are you feeling dizzy (head spinning)? Yes very much / No at all

Emoji Scale: very angry face, angry face, neutral face, slightly smiling face, smiling face

Table A3: Emoji Survey Items - Extra Session.

ID Question Polar Labels
SEQ1 Did you like playing today as well? No at all / Yes very much
SEQ2 Did the games seem more fun to you? No at all / Yes very much
SEQ3 How did the games seem to you today? Very difficult / Very easy
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