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Abstract

STEM education is constantly seeking innovative methods to enhance student learning.
Virtual Reality technology can represent a critical tool for effectively teaching complex
engineering subjects. This study evaluates an original Virtual Reality software application,
entitled Submarine Simulator, which is developed specifically to support competencies in
hydrodynamics within an Underwater Engineering course at MINES Paris—PSL. Our
application uniquely integrates a customized physics engine explicitly designed for realis-
tic underwater simulation, significantly improving user comprehension through accurate
real-time representation of hydrodynamic forces. The study involved a homogeneous
group of 26 fourth-year engineering students, all specializing in engineering and sharing
similar academic backgrounds in robotics, electronics, programming, and computer vi-
sion. This uniform cohort, primarily aged 22-28, enrolled in the same 3-month course,
was intentionally chosen to minimize variations in skills, prior knowledge, and learning
pace. Through a combination of quantitative assessments and Confirmatory Factor Anal-
ysis, we find that Virtual Reality affordances significantly predict user flow state (path
coefficient: 0.811) which then predicts user engagement and satisfaction (path coefficient:
0.765). These findings show the substantial educational potential of tailored Virtual Real-
ity experiences in STEM, particularly in engineering, and highlight directions for further
methodological refinement.

Keywords: STEM education; VR; learning program; cognitive process

1. Introduction

Virtual Reality (VR) software applications for learning Science, Technology, Engineer-
ing, and Mathematics (STEM) subjects offer a transformative approach to education by
providing immersive, interactive, and engaging environments that enhance the process
of understanding complex and abstract concepts. VR’s capability to simulate real-world
scenarios and environments that are otherwise inaccessible makes it a valuable tool in
STEM education.

1.1. Existing Tools and Frameworks

Various VR platforms and frameworks have been developed for STEM education,
including ScienceVR for science laboratories [1], Unity-based modules for K-12 educa-
tion [2], and smartphone-based VR plotting systems [3]. These tools enable the creation
of 3D visualizations and interactive simulations, enhancing students’ understanding of
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complex concepts. Studies have demonstrated that VR can improve learning efficiency,
especially when incorporating environmental traversal capabilities [4].

VR has been effectively integrated across diverse STEM disciplines in higher education,
including engineering and chemistry experiments, where it has demonstrated significant
gains in spatial abilities, knowledge retention, student motivation, engagement, and overall
learning outcomes [5,6].

Mobile VR platforms enhance the affordability and accessibility of VR technology for
educational institutions, facilitating its widespread adoption in instructional practices [5,7].
To further support this, VR software must remain user-friendly and compatible with budget-
conscious hardware solutions, such as head-mounted displays and haptic gloves, which
institutions prioritize for cost-effectiveness [8].

Virtual laboratories have garnered significant attention in research, offering a secure
alternative for experiments that might endanger participants. By generating immersive
three-dimensional digital environments, VR enables students to engage with and investi-
gate intricate STEM concepts in a risk-free, controlled manner—proving especially advanta-
geous for hazardous or impractical real-world procedures [6,9]. Moreover, the heightened
sense of presence and interactive learning via physical movements and gestures in a VR
setting can enrich the educational process, rendering abstract ideas more concrete and
comprehensible [10].

1.2. Research Gap

Difficult challenges remain in designing effective VR experiences for education, with re-
searchers proposing design principles and guidelines to optimize learning outcomes [10-13].
Current literature lacks comprehensive studies on the affordances of VR for fostering flow
states in hydrodynamics learning, leaving educators without evidence-based guidelines to
integrate such immersive simulations into curricula.

While numerous VR tools support general STEM learning—such as those for molecular
manipulation, ecosystem exploration, or basic physics experiments—few integrate realistic
water simulations with intuitive interfaces that enable rapid skill acquisition, particularly
for complex underwater scenarios. For instance, projects like Stanford’s VR simulation for
ocean acidification provide educational dives into marine environments, but they often
prioritize visualization over dynamic, physics-accurate interactions [14].

Similarly, underwater VR modules for marine science courses, developed through US
National Science Foundation (NSF) funded initiatives, focus on immersive labs but may
lack the fidelity needed for engineering-specific tasks like manipulating submerged objects
under realistic fluid forces [15,16].

Existing educational VR tools frequently rely on generic physics engines (e.g., those
in Unity or Unreal Engine), which are optimized for real-time performance in games
but fall short in accurately modeling complex underwater forces such as buoyancy, drag,
turbulence, and viscous flow [17,18].

A comparative study of physics engines like ODE, Bullet, and MuJoCo reveals limi-
tations in handling industrial or underwater robotics simulations, where inaccuracies in
collision detection, force application, and environmental realism can lead to deviations
from expected behaviors [19].

These engines often prioritize computational efficiency over precision, resulting in
simplified approximations that do not capture the full complexity of underwater dynamics,
such as variable water densities or multi-body interactions in submerged environments.
For example, in underwater robotic simulators, generic engines struggle with sensor fidelity
and sim-to-real transfer, leading to runtime failures or unrealistic outcomes that undermine
training effectiveness [19].
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This gap significantly limits the educational value of VR in advanced engineering
courses, where high-fidelity simulations are essential for developing intuition in non-
intuitive settings like underwater operations [20].

Research on high-fidelity modeling for submarines and remotely operated vehicles
(ROVs) demonstrates that custom, physics-based simulations, which often use specialized
tools like GPU-accelerated renderers or dedicated emulators, better replicate real-world
conditions, improving skill transfer and decision-making in virtual training [21,22].

Expanding on this, bridging the gap could involve hybrid approaches such as integrat-
ing deep reinforcement learning for adaptive water flow simulations with user-friendly
interfaces to foster rapid mastery [23]. Such advancements would not only boost immersion
and flow states in learning but also prepare students for real-world challenges in fields like
marine engineering, where a precise understanding of hydrodynamic forces is critical for
innovation and safety [24,25].

Overall, literature underscores the need for more specialized VR tools to elevate
STEM education from generic experiences to targeted, high-impact simulations that mir-
ror professional demands. Addressing these shortcomings, our application introduces
a specialized, custom-developed physics engine and software application—Submarine
Simulator—explicitly tailored for hydrodynamics and submarine modeling, significantly
enhancing realism and practical applicability by incorporating advanced fluid dynamics
principles and precise force modeling that are being overlooked by generic engines.

This custom approach allows for more accurate replication of submarine behaviors,
such as multi-body interactions in variable water densities, which supports better sim-to-
real transfer and decision-making in virtual training environments.

Additionally, the software is engineered for rapid skill acquisition and an efficient,
iterative design process. By emphasizing intuitive, high-fidelity interactions, our solution
not only addresses the fidelity gap in underwater engineering education but also fosters
active learning, significantly enhancing retention and practical applications of complex
engineering concepts in real-world underwater environments.

To conclude, despite the rapid advancements in VR technology and education, there
remains a significant gap in empirical research examining how VR applications enhance
student engagement and understanding in specialized fields like underwater engineering,
particularly in simulating hydrodynamics and 3D modeling in VR.

The urgency of addressing this gap is underscored by the escalating demand for
innovative STEM education tools amid global challenges such as climate change and ocean
exploration, where effective training in underwater engineering can accelerate real-world
innovations and sustainability efforts. Underwater engineering plays a critical role in
designing sustainable offshore structures, renewable energy systems (e.g., tidal and wave
energy), and submersible technologies for environmental monitoring.

1.3. Aim of the Research

In our research, we aim to assess our original VR software designed for acquiring
knowledge in hydrodynamics through self-reported engagement from the users. The infor-
mation provided by the software enables the assimilation of the necessary knowledge for
understanding the basic principles of building a small-scale submarine and experimenting
with how the shape and properties of the ensemble affect the way it behaves in a simulated
underwater environment.

To reach the aim of the research, the software has been tested during a course on
underwater engineering at MINES Paris—PSL, offering students an additional opportunity
to prototype and iterate on their ideas digitally. Gaining a deep understanding of the unique
characteristics of the VR-based learning process is essential, as it empowers students to
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actively contribute to the iterative refinement of educational software aimed at fostering
specialized expertise.

It is important to note that this study does not seek to benchmark the learning efficacy
of VR-based techniques against conventional instructional methods. Instead, it assesses the
ability of the original VR system designed for underwater engineering education to evoke
targeted psychological and cognitive responses.

The main contributions of this paper are the empirical exploration of VR in enhancing
underwater engineering education within challenging, non-intuitive environments that
are difficult to visualize mentally. Through a custom-developed VR application, the study
addresses three key research questions:

RQ1: How do the affordances of custom-developed VR applications in engineering
education impact users’ state of flow?

RQ2: In what ways does a user’s perceived state of flow influence the overall perceived
value of VR-based learning environments?

RQ3: What is the relationship between VR affordances, user flow states, and the
effectiveness of engineering education as evaluated through perceived learning value?

2. Features of VR for STEM Education

To ensure an effective learning environment, the VR software should accomplish a
set of criteria, aiming to ensure the standard for an educational tool. The current research
highlights key features that VR software should include. It also suggests approaches for
designing new tools in this field. These features are crucial for motivating students and
improving their learning outcomes in STEM disciplines [5]. Efficient VR software for STEM
education is characterized by its ability to create high levels of immersion, interactivity,
and engaging learning environments [10].

2.1. Immersive Learning Environments

Immersive features of VR software are pivotal in creating engaging and realistic ex-
periences across various domains, including STEM. Immersive VR can create a strong
sense of presence and boost engagement. Engagement in educational contexts can be de-
fined as the sustained cognitive, emotional, and behavioral involvement of users, achieved
through immersion that captivates senses, interactivity that empowers actions, and engag-
ing learning environments that provide meaningful context and motivation. The immersive
nature of VR is achieved through a combination of technological and design elements
that simulate real-world experiences in a virtual environment. These features leverage
advanced visualization, interaction, and sensory integration to enhance user engagement
and understanding. Additionally, the design of VR environments must ensure sufficient
fluidity and immersion to avoid negatively impacting learning outcomes [5,26].

VR’s immersive features allow for personalized learning experiences, helping students
understand and explore complex and abstract concepts that are often difficult to replicate in
traditional educational settings through interactive and engaging methods [27]. VR is used
in training scenarios to replicate real-world tasks, utilizing scripting and game engines to
create customizable and adaptive training environments [28].

The effectiveness of immersive features in educational VR applications is mixed,
highlighting the need for careful alignment of design features with educational goals [29].
While immersive features in VR software offer significant potential for enhancing user
experiences, they also present challenges that need to be addressed. VR applications
should provide a high degree of immersion, allowing students to feel present within the
virtual environment. This is essential for engaging students and enhancing their learning
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experience [10,26]. The effectiveness of VR in translating immersive experiences into
academic performance requires further exploration [30].

2.2. Interaction: 360-Degree Video and Head-Mounted Displays

Notably, 360-degree environments and head-mounted display technologies are used
for VR experiences, allowing viewers to explore environments from all angles. As a result,
it can increase emotional engagement and empathy [31].

VR software leverages high-resolution graphics and 3D modeling to craft realistic
environments with genuine depth. This contrasts with 360-degree videos, which lack depth
and thus offer only a limited immersion experience. Nonetheless, the benefits of true 3D
VR are apparent in applications like digital media and interactive art, where deep learning
models elevate the immersive experience by boosting modeling accuracy and the sense of
presence [32]. Platforms like CAVE and head-mounted displays provide a profound sense
of immersion by creating a neuropsychological sense of “being there” [33].

Multi-sensory virtual environments, such as the Multi-Sensory Virtual Decision-
Making Center, facilitate collaborative learning by allowing multiple users to engage
in real-time decision-making [34]. This approach not only improves the educational experi-
ence but also enhances teamwork and communication skills among students.

The design of VR experiences must be carefully aligned with the intended outcomes
to maximize their effectiveness. As VR technology continues to evolve, it is expected that
these challenges will be mitigated, leading to widespread adoption and innovation across
various fields.

2.3. Interactive Learning

VR applications, such as educational games and simulations, have been shown to
increase student motivation and engagement by making learning more interactive and
enjoyable [6,35]. Applications should enable students to interact with virtual objects
and environments, facilitating hands-on learning and exploration. This can be achieved
through advanced interfaces like hand gesture recognition [5,36]. VR applications should
offer customizable environments that cater to individual learning needs, allowing students
to explore topics at their own pace and according to their interests [26].

The promotion of active learning through movement and gestures in a three-
dimensional virtual environment can lead to a deeper understanding and retention of
knowledge [5]. Effective Human-Computer Interaction (HCI) is central to immersive expe-
riences, allowing users to interact with virtual environments seamlessly [37]. In educational
settings, VR applications often include interactive elements that allow users to manipulate
and explore abstract concepts, although narrative and social features are less commonly
integrated [29].

The software should adapt to the learner’s progress, providing tailored feedback and
challenges to optimize learning outcomes [38,39]. It should be scalable to accommodate
different educational settings, from individual learners to large classrooms [40], and it
should support collaborative learning, enabling students to work together in virtual spaces,
share ideas, and solve problems collectively [41]. Incorporating social elements can enhance
engagement and motivation, making learning more enjoyable and effective [39]. While VR
offers significant advantages for STEM education, challenges such as the need for teacher
training and the integration of VR into existing curricula must be addressed.

2.4. Gamification in STEM VR Education

Different game-design elements within VR environments have the role of enhancing
learning experiences in science, technology, engineering, and mathematics. This approach
aims to increase student engagement, motivation, and knowledge retention. The use of
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gamification and personalized learning in VR environments can further captivate students’
attention and encourage exploration and discovery [42].

Common gamification mechanisms in VR include rewards, challenges, and avatars.
Elements such as content unlocking, point systems, task difficulty levels, and achievement
systems are frequently used to create engaging learning environments. These elements are
designed to motivate students by providing immediate feedback and a sense of progres-
sion [43].

VR platforms like VRCoding provide interactive and immersive experiences that
encourage critical thinking and problem-solving. These environments allow students
to actively participate in their learning process, moving away from passive listening to
engaging with the content in a meaningful way [44].

Studies have shown that gamified VR environments significantly improve student
engagement and motivation. For instance, the use of a gamified 3D virtual world for
teaching computer architecture resulted in higher engagement levels and improved learning
outcomes among engineering students [45]. While gamification can enhance learning, it is
essential to balance game elements to avoid negative impacts on intrinsic motivation. For
example, the use of high scores and achievements can lead to increased competition, which
may detract from the learning experience [46].

3. Original VR Software to Teach Hydrodynamics

Drawing upon the previously mentioned elements, a tailored software application
was developed to support the learning of core hydrodynamics principles essential for
submarine design.

Submarine Simulator is a custom-made application created in Unity that facilitates
engineering education both in VR and Augmented Reality (AR). The application consists
of three main modes:

- Environment Selection: Once immersed in VR, students can choose a virtual environ-
ment before beginning the construction process of a small-scale submarine model. The
application currently allows students to choose from immersing themselves in an open
world, a garage, a hangar, or an open space in nature. At this stage, students have the
option to switch to AR instead of VR. This allows them to perceive their surrounding
physical environment while utilizing a real table as a blended digital-physical canvas
to initiate the construction process (Figure 1).
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Figure 1. Using the main menu during construction. (a) Selecting 3D shapes. (b) Setting the properties
of a 3D shape.
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Construction Scene: After picking their favorite virtual environment, the students
can use the VR controllers to drag, drop, and combine different 3D shapes to create
a submarine model (Figure 2). They have multiple construction instruments and
functions that allow for building with precision. Additionally, the students can change
the weight, density, and material of each of the shapes added to the environment.
Once the students decide that the shape of the submarine is complete, they may also
attach motors. If the student has selected to use AR, all activities will be made by
manipulating holograms which will blend together with the real space around them.

(b) Model 2 (c) Model 3

Figure 2. Three different submarine models showing the flexibility of the construction process.
(a) Model 1. (b) Model 1. (c) Model 1.

Simulation Scene: After completing the submarine model, students can test it in a
simulated underwater scene (Figure 3). Based on preference, they can control the
submarine either from a third-person or first-person perspective. The scene includes
a hyper-realistic water simulator that supports the player in understanding how the
previously created model behaves underwater. Using the motors attached previously,
they can control the submarine, navigate underwater, and visually understand how
the thrust and the physical characteristics of the submarine model interact with the
water environment.

@) (b)

Figure 3. The Underwater Simulation Mode. (a) Command dashboard in simulation mode. (b) Spi-

raling model in simulation mode.

Gamification—Gamification in VR has been linked to better knowledge retention and
understanding (Figure 4). The integration of game elements helps students grasp
complex concepts more effectively, as seen in the positive feedback from students
using the VR Coding system for learning computational thinking [44—46]. Our setup
leverages gamification principles—such as points, leaderboards, real-time competition,
and immediate feedback—to transform the learning process into an interactive and
motivating experience. These principles deepen comprehension by encouraging
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problem-solving in a dynamic VR context, where failures and successes provide direct
learning opportunities.
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Figure 4. Use of gamification in the Submarine Simulator. (a) Submarine model competing against

other students in underwater track. (b) Submarine model winning a race.

In our testing process, participants had the opportunity to test their custom-designed
3D submarine models by competing in virtual underwater racetracks, all simulated within
the immersive VR environment. Upon successfully completing a race, students earned
points based on their performance and could view their final completion time for the
specific track. To enhance engagement, the system supported real-time multiplayer racing,
where users could compete against their colleagues. This was facilitated through a visual
“shadow” representation of peers’ submarines, allowing participants to see and react to
others’ progress dynamically throughout the course. Ultimately, students achieving the
highest cumulative scores across races were declared winners, fostering a competitive and
collaborative learning atmosphere.

It is worth mentioning that the instructor overseeing these learning sessions could
monitor everything live. The virtual simulation viewed via the student’s headset was
duplicated on the instructor’s displays, enabling him to provide appropriate guidance and
assistance to the participants if required.

4. Methodology

The assessment of the value inherent in VR software requires a comprehensive method-
ology that encompasses various dimensions, including performance, usability, user engage-
ment, and the context in which the software is being used. The evaluation process is very
important for identifying potential challenges and for ensuring that the software effectively
fulfills its intended objectives.

4.1. Research Objectives and Hypothesis

The primary objective of this study was to evaluate the perceived effectiveness of
a custom-built software application, termed Submarine Simulator, within the context of a
course on underwater engineering in the fourth year of the engineering bachelor’s program
at MINES Paris—PSL, France.

Other objectives were related to assessing the software’s impact on student engage-
ment, specifically exploring how its tailored affordances influence the educational experi-
ence in a specialized engineering curriculum. By integrating advanced simulations, the
research sought to determine the extent to which the Submarine Simulator enhances students’
understanding of complex underwater engineering concepts and fosters an immersive
learning environment conducive to achieving a state of flow.

More specifically, we tested the following hypotheses:
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H1. Affordances provided by custom-developed VR applications for engineering education signifi-
cantly influence users’ reported state of flow.

H2. The perceived state of flow among users significantly affects the perceived value of the learning
environment, as measured by the CEGE framework.

4.2. Research Methods
4.2.1. The Quality of the Experience

To assess the engagement and quality of the VR experience, a custom-made affordance
questionnaire was administered immediately following the first practice session (Phase 1).
Affordances, as defined by Gibson (1979), refer to the possibilities for action provided by
an environment, which in the context of VR systems like the Submarine Simulator, include
how intuitive, accessible, and engaging the interface and interactions are for users [47].
The questionnaire was developed based on general guidelines for affordance evaluation,
ensuring it captures the specific affordances relevant to the VR environment.

The affordance questionnaire consists of 20 items across four key dimensions:

e Actions: This item measures the clarity and intuitiveness of interaction possibilities
(e.g., ease of navigating the VR environment).

e [Engagement: Assesses the degree to which the VR system fosters immersive and
sustained user involvement.

e  Fluid Mechanics: Evaluates the smoothness and responsiveness of dynamic interac-
tions (e.g., object manipulation, movement within the simulator).

e Functions: This item measures the effectiveness and accessibility of the VR software’s
core building and maneuvering functionalities (e.g., control panels, functions).

Each item is rated on a 5-point Likert scale (1 = Strongly Disagree, 5 = Strongly Agree),
allowing for nuanced quantification of user perceptions. The questionnaire, detailed in
Appendix A, was administered immediately after their Phase 1 session to capture real-time
feedback and minimize recall bias. The greater the total score, the stronger the perceived
affordance of the VR system.

4.2.2. The Flow State Scale (FSS) Questionnaire

Developed by Jackson and Marsh (1996), the FSS is a validated psychometric tool
designed to measure the psychological state of flow, characterized by deep immersion,
focus, and enjoyment in an activity [48].

The FSS was administered immediately following the second practice session (Phase
2) to capture participants’ flow experiences while interacting with the VR software. The
questionnaire consists of 36 items, grouped into nine subscales, with the dimensions being
measured on a 5-point Likert scale (1 = Strongly Disagree, 5 = Strongly Agree):

Challenge-Skill Balance: Perceiving that personal skills match the task’s demands.
Action-Awareness Merging: Experiencing seamless integration of actions and awareness.
Clear Goals: Having a clear understanding of objectives.

Unambiguous Feedback: Receiving immediate, clear feedback on performance.
Concentration on the Task: Maintaining deep focus without distractions.

Sense of Control: Feeling in command of the activity.

Loss of Self-Consciousness: Becoming less aware of self and external judgments.

Transformation of Time: Perceiving time as altered, either speeding up or slow-
ing down.
e  Autotelic Experience: Finding the activity intrinsically rewarding.

For each of the nine dimensions of the FSS, the scores from the four corresponding
items are summed and averaged to produce a mean score. This approach quantifies



Computers 2025, 14, 348

10 of 31

participants’ flow experiences, enabling the examination of their connections to learning
styles and performance outcomes in immersive VR environments, such as the Submarine
Simulator, where sustained engagement is critical for effective learning.

4.2.3. The Core Elements of Gaming Experience (CEGE) Questionnaire

Developed by Calvillo-Gadmez et al. (2010), CEGE is a validated tool designed to
measure the quality of a gaming experience by assessing key psychological and interactive
elements [49].

It was administered at the end of the third practice session (Phase 3) to evaluate the
perceived value of the Submarine Simulator’s VR environment in fostering an engaging
and rewarding gaming experience. The CEGE questionnaire comprises 38 items grouped
into six core dimensions:

e  Enjoyment: Measures the level of fun and satisfaction derived from the VR experience.

e  Control: Assesses the user’s sense of control and ability to interact effectively with the
VR system.

e Immersion: Evaluates the depth of psychological absorption in the VR environment.

e  Challenge: Gauges the perceived difficulty and stimulation provided by the VR tasks.

e Focus: Measures the state of optimal engagement where users are fully focused
and immersed.

e  Game Mechanics: Assesses the quality and intuitiveness of the VR system’s interactive
elements (e.g., controls, in-game construction tools).

Each item is rated on a 5-point Likert scale (1 = Strongly Disagree, 5 = Strongly Agree),
allowing for a nuanced quantification of the gaming experience. CEGE was chosen for its
comprehensive coverage of gaming experience facets, which align with the study’s goal of
evaluating how the Submarine Simulator’s affordances—actionable properties like intuitive
controls and immersive tasks—contribute to perceived value and engagement.

The higher the overall CEGE score (sum of all items, ranging from 38 to 190), the
stronger the perceived affordances and value of the VR system.

From both a contextual and stakeholder perspective, understanding the values, needs,
and objectives of diverse stakeholders (such as educators, learners, and developers) is
critical in the design and evaluation of VR applications [50]. This approach ensures that the
software aligns with its intended educational goals, delivering an effective and engaging
user experience.

For educational VR applications, evaluation methods often include the Technology Ac-
ceptance Model and flow tests to assess how well the software supports learning objectives.
In medical education contexts, such as surgical training or stroke rehabilitation simulations,
these can be complemented by specialized tools that evaluate the tolerability of artificial
movement types (e.g., teleportation or floating movements) to minimize simulator sickness,
ensuring safer and more effective VR adoption. This approach involves isolating movement
factors in a controlled virtual environment and using validated measures like the Simulator
Sickness Questionnaire (SSQ) for pre- and post-exposure assessments, as demonstrated in
recent software developments aimed at reducing adverse effects for vulnerable users [51].
In our case, we are assessing immersivity through affordance, FSS, and CEGE. Additionally,
we use a refined way of navigating through the environment using a zoom-in and zoom-out
motion using the controllers in order to mitigate simulator and motion sickness.

4.3. Statistical Methods

A Confirmatory Path Analysis (CFA) was conducted to determine the relationship
between the software features, as evaluated by students, and other variables connected to
their psychological states, by using the software SmartPLS (v3.2.9) [52,53]. It provides a
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coherent explanatory model of causal mechanisms, highlighting both the direct and indirect
effects of independent variables on a dependent variable within a theoretically specified
network of relationships.

Partial Least Squares Structural Equation Modeling (PLS-SEM), which is particularly
well-suited for exploratory research involving small sample sizes, non-normally distributed
data, and formative or composite measurement models, was conducted using the specified
software, incorporating bootstrapping with 5000 samples to estimate path coefficients. PLS-
SEM offers a nonparametric, variance-based alternative that can yield meaningful results
with samples as small as 20-30 inputs, provided model complexity is moderate [53,54].
PLS-SEM does not impose distributional assumptions and utilizes bootstrapping proce-
dures to estimate significance, making it an appropriate choice when data normality or
scale properties are not guaranteed. As a result, these features made SmartPLS the most
appropriate tool for our exploratory analysis under the conditions of limited sample size
and emerging constructs in a novel educational context [54].

Beyond R?, we also reported f? effect sizes, which quantify the contribution of each
independent variable to the dependent variable, thereby complementing R? with a measure
of local effect strength [55]. Additionally, the quality of the model was assessed using
model fit indices, specifically SRMR (Standardized Root Mean Square Residual), NFI
(Normed Fit Index), d_ULS (Unweighted Least Squares Discrepancy), d_G (Geodesic
Discrepancy) and Chi-square values, which serve a similar function to loss/error metrics in
predictive modeling, particularly in variance-based SEM contexts. Discriminant validity
was evaluated using the Fornell-Larcker Criterion, while model fit was assessed through
standardized metrics such as SRMR, NFI, Chi-square, d_ULS, and d_G indices.

While traditional loss functions such as MSE (Mean Squared Error) or cross-entropy
are not directly applicable in SmartPLS’s estimation framework—given its nonparametric
and component-based nature, the bootstrapping procedure (5000 resamples) and outer
model loadings offer robust estimates of parameter stability and indicator reliability.

4.4. Target Group

The study involved a selected group of 26 fourth-year engineering students from
MINES Paris—PSL, all specializing in engineering and sharing similar academic back-
grounds in robotics, electronics, programming, and computer vision. This homogenous
cohort, primarily aged 22-28 and enrolled in the same university program, was intention-
ally chosen to minimize variations in skills, prior knowledge, and learning pace. This
homogeneity enabled a more consistent and reliable evaluation of the VR Submarine Simu-
lator’s effectiveness, as differences in outcomes could be attributed to the software itself
rather than varied participant characteristics.

All 26 students voluntarily participated in the evaluation of the VR Submarine Simula-
tor. To ensure participant anonymity, no personal identifiers, such as names, were used at
any point during the study. Instead, each student was assigned a unique numerical code
for reference. Every participant successfully completed all three phases of the study, as
outlined in the research design (see Section 4.5), ensuring a comprehensive assessment of
the VR software.

4.5. Research Design

The study was structured as a series of three sessions, logically divided into three
phases, each designed to progressively build students’ proficiency in using the VR Subma-
rine Simulator while deepening their understanding of underwater engineering principles.

Conducted over five weeks, these sessions involved distinct tasks tailored to enhance
both technical skills and conceptual knowledge. Each of the 26 students completed three
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distinct phases. Phases 2 and 3 were conducted approximately one week after the preceding
phase, ensuring a consistent schedule for all participants.

This study was embedded within a 3-month, on-site course dedicated to the design
and prototyping of mid-sized underwater remotely operated vehicles (ROVs) ranging from
50 to 150 cm in length.

The figures in this section are direct screenshots from the original Submarine Simulator
VR software. The following phases were designed and executed by each of the participants
in our study:

4.5.1. Phase 1: Introduction and Foundational Training
This phase has been split into four chapters:

e  Chapter 0—Video Introduction: All students have been introduced to the capabilities
of the VR software using a 10-min video explanation showing all functionalities
available and numerous examples.

e  Chapter 1—Building Mode: All students were invited to engage in the immersive VR
experience, where they completed a step-by-step tutorial led by a trained facilitator.
This hands-on session introduced them to the essential functions needed to construct
small-scale submarine models, fostering a clear understanding of the VR Submarine
Simulator’s core features (Figure 5).

e  Floatability Testing and Underwater Navigation: After mastering the construction
process, students were invited to a virtual underwater environment where they could
test their submarine models. This interactive setting allowed them to observe and
analyze key hydrodynamic principles, including floatability, buoyancy, acceleration,
and other dynamic behaviors, as applied to their designs.

e  Exploratory Learning: Lastly, once showing a basic level of understanding and comfort
while using the VR software, all students were given a construction task. The students
had complete creative freedom during the construction process.

(a) (b) (©)

Figure 5. Submarine designing process in VR environment using different functionalities. (a) Rescal-
ing objects. (b) Combining objects. (c) Centering objects.

The VR session was limited to 35 min to prevent strain from participants’ unfamiliarity
with the technology. A comprehensive list of commands and guidelines provided to all
students is detailed in Appendix B.

4.5.2. Phase 2: Underwater Design for Spiral Trajectories

Following the re-accommodation in VR, participants were given two construction
tasks designed to deepen their understanding of hydrodynamic principles through practi-
cal application.
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Using the VR simulator’s building mode, students were tasked with creating two
distinct submarine models: one to navigate in a tight spiral trajectory and another to follow

a loose spiral trajectory (Figure 6). The following command has been given explicitly:

—— —
—= 2D - e _ﬁ—.*\_-

@) (b)

Figure 6. Examples of models designed by the students of the target group. (a) Model in a tight spiral
motion. (b) Model in a loose spiral motion.

“For the next 35 min, your task is to design two unique submarine models using the VR
Submarine Simulator. Each model must include at least four shapes and two motors. One
submarine should follow a tight spiral path with a radius of approximately 2 m, while the
other should move in a loose spiral path with a radius of more than 5 m. You can build
them in any order and adjust your designs as many times as needed. Once I confirm that
a model’s trajectory is correct, you can move on to the next part of the exercise. Have fun
creating and experimenting! Any questions before we start?”

These tasks required students to adjust key parameters, such as buoyancy, weight dis-
tribution, and motor positioning, to achieve the desired movement patterns in the simulated
underwater environment. The tight spiral task demanded precise control to maintain stabil-
ity within a confined radius, testing students” ability to balance hydrodynamic forces under
constrained conditions. In contrast, the loose spiral task allowed for broader movement,
emphasizing sustained control over longer distances and varying currents.

Real-time feedback from the simulator’s tailored physics engine, featuring green visual
markers for model stability and trajectory accuracy, allowed students to iteratively refine
their submarine designs with precision and confidence.

4.5.3. Phase 3: Paired Competition in Underwater Racetracks

In the concluding phase of the study, conducted 7 days after Phase 2, a dynamic com-
petitive element was introduced by organizing the 26 participants into 13 pairs, fostering
both collaborative teamwork within each duo and spirited rivalry across teams.

Each pair worked together to strategize and generate creative solutions, then indi-
vidually crafted submarine models tailored for three progressively demanding virtual
underwater race tracks:

e  Track 1: Focused on straight-line propulsion with stable, deviation-free submarine
models (Figure 7).

e  Track 2: Required precise left/right maneuvers (Figure 8).

e  Track 3: Demanded full maneuverability (up/down/left/right) in a complex under-
water environment (Figure 9).

These meticulously designed tracks simulated real-world engineering scenarios, rig-
orously evaluating participants’ navigation precision, model performance, and design
ingenuity in an immersive, gamified environment that heightened engagement and practi-
cal learning.
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Figure 8. The lateral navigation course.

Figure 9. Race track testing model’s vertical and horizontal maneuverability.

4.6. Control Conditions

To ensure the reliability and validity of the research, several control measures were im-
plemented to minimize confounding variables and standardize the experimental conditions
across all 26 participants. These measures were implemented to isolate the VR software’s
impact on user engagement, making sure that any observed differences could be attributed
solely to the intervention, rather than external variables.

The VR sessions took place in a controlled laboratory at MINES Paris—PSL, with
consistent lighting (ambient, 500 lux) and temperature (22-24 °C) to maintain a uniform
environment and minimize distractions. No external interruptions were permitted during
the sessions, ensuring uninterrupted focus on the tasks.

All participants used standardized hardware configurations, featuring Meta Quest 3
(Meta Platforms, Inc., Menlo Park, CA, USA) VR headsets, paired controllers, and high-
performance rendering laptops (HP OMEN 16-inch laptop (HP Inc., Palo Alto, CA, USA)
with processor AMD Ryzen 9 6900HX (Advanced Micro Devices, Inc., Santa Clara, CA,
USA), and graphics card NVIDIA GeForce RTX 3070Ti (NVIDIA Corporation, Santa Clara,
CA, USA)), connected via USB-C cables to ensure minimal latency, eliminate lag, and
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prevent variability from equipment differences. Audio levels were consistently set on the
headsets across all sessions to maintain a uniform sensory experience.

To standardize participant instructions, a trained facilitator delivered all com-
mands verbally using a scripted protocol (detailed in Appendix B), ensuring consis-
tency in guidance across all sessions. This approach prevented variations in instruc-
tion delivery that could influence participant’s performance or understanding of the VR
software’s functionality.

To maintain consistency, participants adhered to a fixed schedule: those assigned a
morning slot (e.g., 9:00-10:00 AM) for one phase continued with approximately the same
time for subsequent phases. This controlled timing minimized the impact of fatigue or
circadian rhythm variations on performance.

Lastly, participants were screened for VR-related motion sickness susceptibility prior
to the study, with none reporting significant discomfort, ensuring consistent engagement
with the VR environment.

4.7. Definition of Variables

To investigate the connection between user perceptions and the software features of the
technical solution, we collected the following variables and their sub-components as critical
and relevant for our analysis, based on data collected via questionnaires. These variables,
detailed alongside their sub-components and corresponding loading factor values, are
presented in the table below (Table 1).

Table 1. Variable description.

. . Sub- Sub-Component Loading
Variables Definition Components Definition Factors Value
Action Merging of action and awareness. 0.653
o Awareness
= .
2 AUtOFehC The activity is its own reward. 0.813
2 Experience
o
=) Challenge Skills Balance between challenge and skill level. 0.558
Q
o . .
= 5 Clear Goals Knowing wha.t needs to be conducted in the 0.466
@) RS given circumstance
—
- g Concentration Tasks Focused attention on the task. 0.645
2]
b Loss of . :
g Self-Control Feeling of effortless action. 0.664
E Paradox
5 2 Sense of control without deliberate effort. 0.803
Control
Unambiguity Immediate feedback on performance. 0.373
The degree to which a user interacts with or
Engagement is drawn into the perceived possibilities of 0.483
M 8 an object.
Z 28 How cl lity the fluids and f
“ SE FluidMech ow close to rea ity t e fluids and forces 0.648
a E e behave in the simulation.
S
O [ .. . .
i ‘(é b Actions Thg visible or Percept}ble cues an object 0.595
= & provides about its possible actions or uses.
Functions The available functions to manipulate 0.600

shapes and models.
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Table 1. Cont.
. . Sub- Sub-Component Loading
Variables Definition Components Definition Factors Value
Control A sense of agency or influence over the 0333
situation/task.
c . Experiencing pleasure or satisfaction from
g Enjoyment L. 0.971
g=! the activity.
(]
"j . . .
- = Environment The setting or (?ontext in which the 0.395
Eup 5 activity occurs.
Q L . . . .
= Facilitator Something in tk.le simulation that.helps make 0.723
z an action or process easier.
L
S .
5! Gamification How the game d.e51gn e.lement's have been 0.603
applied in the simulation.
Ownership Feeh'ng .Of personal connection or 0.705
responsibility towards the task/activity.
5. Results

The data structure and distribution alongside the raw data have been expanded in
Appendix C. Each variable was standardized to z-scores, centering and scaling values
relative to their distribution.

To answer the research questions, a CFA path factor analysis has been applied,
which resulted in a model comprising the formative variables: flow state (FLOW), af-
fordance /usability (AFF), and the reflective variable: the Core Elements of the Gaming
Experience (CEGE), with the items presented in Table 1.

The statistical analysis provides robust evidence that the immersive and usability
affordances of the VR software substantially influence user engagement and the quality of
their learning experience. Specifically, the high path coefficients (0.811 and 0.765) indicate
strong predictive relationships, demonstrating practically that intuitive interaction and
realism directly contribute to achieving an optimal learning state (flow) among students
(Figure 10).

Loss Self Consciousness

0.803 Paradox Control

0.373 Unambigous Feedback

0.653 Action Awareness
Merging
.81
4)'0 813 Autotelic Experience ]
e\
Actions 1
0.558 Challange Skill Balance }
0.483
Engaged Affordance
0.811 0.466
Flow Clear Goals
| FluidMech —2:848 0.000
0.839 0.645 Concentration Task ]
. 0.600
Functions
| 0.664 | ]

N

Figure 10. The path coefficients for affordance and flow (Smart PLS output version 3.2.9).



Computers 2025, 14, 348

17 of 31

However, some statistical validity measures discussed below (such as AVE below
recommended thresholds) suggest that particular survey questions might not fully capture
all nuances of user experiences or that responses reflected varied interpretations of ques-
tionnaire items. Practically, these results imply that minor refinements in measurement
items or additional clarifications during data collection could further strengthen empirical
validation of the software’s educational benefits.

Overall, we identified that affordances significantly shape the user’s state of flow.
H1 is confirmed. The very high value of the path coefficient of the model (0.811) proved
the relationship.

Table 2 presents the Coefficient of Determination (R?) that indicates the predictive
power of the model, showing the proportion of variance explained by independent vari-
ables. Flow (R? = 0.658) shows that 65.8% of the variance in flow is explained by affordance,
indicating a strong model fit for this relationship. The R?> Adjusted (0.644) corrects for
model complexity and remains high, showing model stability.

Table 2. R2—Coefficient of Determination for affordance and flow.

Dependent Variable R? R? Adjusted Interpretation (Effect Size)

Strong

Flow 0.658 0.644 (Substantial effect, R2 > 0.50)

Table 3 presents the effect size for predictors (f?), measuring the impact of an inde-
pendent variable on a dependent variable. Affordance has a very large effect on flow,
highlighting that ease of use and immersive design are critical drivers of user engagement.
This is an exceptionally strong relationship, indicating that VR affordances significantly
shape the user’s state of flow.

Table 3. Effect Size for Predictors related to affordance and flow.

Predictor — Dependent 2 Interpretation
Variable (Effect Size) (Cohen’s Guideline)
Affordance — Flow 1.924 Very Large Effect (f2 > 0.35)

Focus on improving usability, control, and immersion in the VR experience to boost
user flow and enjoyment. Table 4 presents reliability and validity metrics for the constructs
affordance (AFF) and flow in the VR environment. AFF is a formative variable and no
calculus was conducted. Flow is a reflective variable.

Table 4. Construct Reliability and Validity for affordance and flow.

Combackts oA ey Variance
(CR) Extracted (AVE)
Threshold >0.7 >0.7 >0.7 >0.5
AFF - 1.000 - -
Flow 0.842 0.862 0.839 0.407

Cronbach’s Alpha (CA) for flow: 0.842, indicating good internal consistency. AFF is a
formative variable and no calculus was conducted. The Spearman rho_A coefficient for
flow: 0.862 shows good reliability. Composite Reliability (CR) for Flow: 0.839 indicates
good construct reliability. Average Variance Extracted (AVE) for Flow: 0.407 is below the
recommended threshold, meaning it may not explain enough variance in its indicators.
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Flow has good internal consistency and reliability (Cronbach’s Alpha, rho_A, and
CR are all above 0.7). However, Flow’s AVE is low (0.407), which suggests potential
validity concerns. This could mean that the indicators for flow may not sufficiently capture
the construct.

Table 5 presents Discriminant Validity using the Fornell-Larcker Criterion, which
checks whether a construct is distinct from others in a model. Square Root of AVE (Diagonal
Values): AFF is likely 0.811. Flow: 0.638 (which is the square root of AVE).

Table 5. Fornell-Larcker Criterion.

AFF Flow
AFF - -
Flow 0.811 0.638

The correlation between AFF and Flow (0.811) is strong. Flow’s square root of AVE
(0.638) is lower than its correlation with AFF (0.811). This suggests poor discriminant
validity, meaning flow and affordance might not be clearly distinguishable from one
another in the model.

Furthermore, the Fornell-Larcker Criterion suggests insufficient discriminant validity,
as the square root of AVE for Flow (0.638) is lower than its correlation with affordance
(0.811), which may reflect conceptual overlap between immersive affordances and flow in
the interactive VR context. In response, the measurement model should be revised in the
future to better delineate these constructs.

In Table 6, the SRMR (Standardized Root Mean Square Residual) value of 0.121 is not
very close to the maximum threshold of 0.10, suggesting the model has a low fit with room
for improvement.

Table 6. Model Fit for Saturated and Estimated Models on affordance and flow.

Saturated Model Estimated Model
SRMR 0.121 0.121
d_ULS 1.138 1.138
d_G 0.820 0.820
Chi-Square 81.449 81.449
NFI 0.509 0.509

d_ULS (Unweighted Least Squares Discrepancy) and d_G (Geodesic Discrepancy)
lower values indicate a better fit. Chi-Square Value 81.449 for the estimated model is at
least equal to the saturated value; thus, we can count on the model fit. NFI = 0.509 < 0.80
indicates a poor fit. Low NFI could be due to sample size issues.

Model fit indices such as SRMR (0.121) and NFI (0.509 and 0.641) fall short of ideal
thresholds, suggesting the need for structural refinement and more parsimonious modeling
in future analyses.

In the second path analysis (Figure 11), the very high value of the path coefficient of
the model (0.765) confirms the supposed relationship between the software characteristics,
through flow state, and CEGE. H2 is confirmed as well.
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Action Awareness 0.596
Merging
Autotelic Experience ~0.205
 CE—
0.402 0.333 Control Ownership
Challange Skill Balance -
0.971 X
Clear Goals 2
0.395 X
Flow CEGE Environment
. -0.126 0.765
Concentration Task
0.000 0.586 0.723 Fagilitators
-0.1
Loss Self Consciousness 0.163
0.603
Gameplay
Paradox Control 0.649
0.705 .
Ownership
—
Paradox Control 0.679
11
Unambigous Feedback 0.110
|

Figure 11. The path coefficients for flow and CEGE (Smart PLS output version 3.2.9).

Table 7 presents the Coefficient of Determination (R?) that indicates the predictive
power of the model, showing the proportion of variance explained by independent vari-
ables. CEGE (R? = 0.586) shows that 58.6% of the variance in CEGE is explained by flow,
indicating a strong model fit for this relationship. The R?> Adjusted (0.569) corrects for
model complexity and remains high, showing model stability.

Table 7. RZ—Coefficient of Determination for flow and CEGE.

Dependent
Variable

N

R R? Adjusted Interpretation (Effect Size)

Strong

CEGE 0.586 0-569 (Substantial effect, R2 > 0.50

~

Table 8 presents the effect size for predictors (f?), measuring the impact of an indepen-
dent variable on a dependent variable. Flow has a very large effect on CEGE, highlighting
that ease of use and immersive design are critical drivers of user engagement. This is an
exceptionally strong relationship, indicating that VR affordances significantly shape the
user’s state of flow.

Table 8. Effect Size for Predictors related to flow and CEGE.

Predictor — Dependent 2 Interpretation
Variable (Effect Size) (Cohen’s Guideline)
Flow — CEGE 1.414 Very Large Effect (f* > 0.35)

Educators and developers should emphasize enhancements in usability, control, and
immersion within the VR experience to elevate user flow and enjoyment. Table 9 presents
reliability and validity metrics for the CEGE and Flow (as reflective variables) in the VR
environment. AFF is a formative variable and no calculus was conducted.

Cronbach’s Alpha (CA) for CEGE: 0.793 indicates good internal consistency. Flow is a
formative variable and no calculus was conducted. The Spearman rho_A coefficient for
flow, 0.869, shows good reliability. Composite Reliability (CR) for CEGE: 0.803 indicates
good construct reliability. Average Variance Extracted (AVE) for CEGE: 0.432 is below the
recommended threshold, meaning it may not explain enough variance in its indicators.
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CEGE has good internal consistency and reliability (Cronbach’s Alpha, tho_A, and
CR are all above 0.7). However, CEGE’s AVE is low (0.407), which suggests potential
validity concerns. This could mean that the indicators for flow may not sufficiently capture
the construct.

Table 9. Construct Reliability and Validity for flow and CEGE.

Cronbach’s tho A Composite Average Variance
Alpha (CA) - Reliability (CR) Extracted (AVE)
Threshold >0.7 >0.7 >0.7 >0.5
CEGE 0.793 0.869 0.803 0.432
Flow - 1.000 - -

The SRMR (Standardized Root Mean Square Residual) value of 0.107 is very close to
the maximum threshold of 0.10, suggesting the model is very close to being acceptable
with room for improvement. d_ULS (Unweighted Least Squares Discrepancy) and d_G
(Geodesic Discrepancy) lower values indicate a better fit. The Chi-Square value of 88.938
for the estimated model is at least equal to the saturated value; thus, we can count on the
model fit. NFI = 0.641 < 0.80 indicates a poor fit. Low NFI could be due to sample size
issues, 26 subjects (Table 10).

Table 10. Model Fit for Saturated and Estimated Models on flow and CEGE.

Saturated Model Estimated Model
SRMR 0.107 0.107
d_ULS 1.385 1.385
d_G 0.874 0.874
Chi-Square 88.938 88.938
NFI 0.641 0.641

6. Discussions

VR has emerged as a promising tool for STEM education, offering immersive expe-
riences and active learning opportunities. In accordance with the specialized literature,
our developed software meets a series of quality criteria such as usability, fidelity, and
effectiveness, in accordance with the guidelines provided in the relevant literature [8,10,28].

An important limitation of this study is its reliance on a cross-sectional design with
immediate post-intervention assessments. This prevents us from making empirical claims
about the long-term educational impact of knowledge transfer.

This design was chosen to efficiently evaluate the immediate efficacy of the Submarine
Simulator. However, the absence of longitudinal data limits our ability to assess whether
observed improvements in underwater engineering and hydrodynamic principles per-
sist over time or translate to other contexts. Future studies should employ longitudinal
designs, with follow-up assessments at multiple intervals, to investigate the durability
and transferability of these effects. Despite this limitation, the current findings provide
valuable evidence of our VR tool’s immediate benefits, laying the groundwork for more
comprehensive evaluations.

The positive affordance questionnaire responses, where most students reported the
software application as intuitive and supportive of task completion, suggest that the VR
environment successfully bridged the gap between theoretical knowledge and simulated
practice. Our VR application for submarine design and testing provides users with an
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intuitive and engaging platform to explore complex engineering principles. The application
attempts to represent hydrodynamic forces as accurately as possible for real-time computa-
tion, allowing for realistic experimentation and observation. This immersive environment
fosters a deeper understanding of theoretical concepts by enabling direct manipulation and
real-time feedback, transforming abstract equations into tangible outcomes, in accordance
with the learning objectives [29].

Secondly, the data reveals that most participants experienced flow, with self-reported
metrics (via the Flow State Scale questionnaire) indicating high levels of absorption and
enjoyment. Notably, the strong correlation between affordance perceptions and flow
suggests that the software’s design elements, such as clear navigational cues and responsive
interactions, facilitated this state by minimizing frustration and maximizing control.

This correlation extends to CEGE, including aspects like challenge, control, and feed-
back, which collectively enhanced immersion. Drawing from Csikszentmihalyi’s flow
theory, these results imply that VR’s ability to create a “presence” in non-intuitive underwa-
ter settings through sensory realism and adaptive difficulty promotes flow more effectively
than passive learning tools.

Furthermore, the application’s design actively promotes problem-solving, critical
thinking, and iterative design processes. These are essential conditions for an efficient
learning process [6,34,41]. Users can prototype rapidly, test, and refine their submarine
models, learning from failures and optimizing their designs in a risk-free virtual space.

The interdependencies among affordance, flow, and CEGE offer a compelling theo-
retical contribution, suggesting an expanded model for VR in education: affordances act
as precursors to engagement, mediating flow through gamified structures. This builds on
existing models like the Technology Acceptance Model (TAM), incorporating psychological
flow as a key variable for non-intuitive domains.

Practically, these insights advocate for VR developers to prioritize iterative user test-
ing focused on affordances to optimize flow and engagement, aligning with broader
VR-in-education research that emphasizes user-centered design. This way, we can en-
hance immersion and learning outcomes in simulated environments. This approach could
revolutionize underwater engineering pedagogy by transforming abstract concepts into
immersive, hands-on simulations that mirror real-world challenges. Thereby, it fosters
deeper conceptual understanding and develops practical skills through repeated virtual
practice without physical risks. Additionally, it also bridges the gap between modern and
traditional methods—such as lectures and static diagrams. Traditional methods often have
difficulties conveying the dynamic complexities of underwater engineering. By incorporat-
ing VR into the learning environment, educators can support students in building the skills
required to tackle innovative problem-solving in real-world scenarios.

These findings suggest to educators the potential for scalable VR integration, exempli-
fied by hybrid curricula that blend immersive VR sessions with collaborative debriefing
to strengthen overall student engagement throughout the learning process. Institutions
could leverage these correlations to justify VR integration, emphasizing its role in preparing
students for industry demands where simulation training is standard.

Our VR submarine application exemplifies the potential of immersive technologies
to improve STEM education. We believe it empowers students to not only grasp complex
scientific and engineering principles but also to innovate and apply their knowledge in a
practical, meaningful way. By prioritizing active learning strategies, the original software
design aligns with Johnson-Glenberg’s (2019) call for a transformation in educational
practices—one that centers on student interaction and engagement, which are crucial for
effective STEM education [10].
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Compared to complex Computer-Aided Design (CAD) software, which typically
demands extensive training and significant time to master, our VR application’s intuitive
interface and immersive environment show promise for enabling users to quickly learn
its building and testing capabilities. However, this observation is preliminary, as it does
not include comparisons with other design tools or data on long-term skill retention and
real-world application.

Additionally, the accessibility and cost of VR hardware pose significant challenges,
particularly for educational institutions with limited budgets. High-quality VR systems
often require substantial investment in equipment, maintenance, and technical support,
creating disparities in access to these advanced learning tools. For instance, individual
VR headsets like the Meta Quest 3 can cost between USD 500 and USD 600, while more
advanced models such as the HTC Vive Pro range from USD 900 to USD 1200, not including
additional expenses for VR-ready computers, laptops (USD 1200-2000), or classroom
setup packs that may exceed reasonable prices for basic configurations. These financial
challenges are further intensified by ongoing expenses for creating educational content and
maintaining technical infrastructure, such as high-speed internet and powerful graphics
cards for smooth VR experiences. These costs can be particularly burdensome for schools
with limited budgets, deepening educational discrepancies and making it harder for all
students around the globe to access cutting-edge learning tools.

Beyond financial barriers, VR adoption in education poses several practical challenges.
Teachers and technical staff require specialized training to integrate VR effectively into
lessons, as their role shifts from traditional instructors to facilitators that guide students
through immersive, self-directed learning experiences. This transition demands not only
technical proficiency with VR systems but also new pedagogical skills to manage interactive
and dynamic virtual environments. Furthermore, overseeing an entire class of students
using VR headsets can be particularly challenging for a single teacher. Unlike traditional
classroom settings, where a teacher can easily monitor and engage with students, VR
environments often isolate learners in individual headsets, making it difficult to maintain
classroom discipline, provide real-time support, or ensure all students remain on task. This
necessitates additional support staff, advanced classroom management tools, or smaller
class sizes to ensure effective supervision and guidance, further complicating VR adoption
in educational settings.

Compatibility issues, such as outdated computers or limited network capabilities,
can also hinder adoption. Additionally, ensuring user comfort is key, which includes
using ergonomic designs and session guidelines to reduce issues like motion sickness,
making VR more accessible and enjoyable for students. Other barriers involve resistance
to change among educators unfamiliar with VR, a shortage of high-quality educational
content tailored to specific disciplines like underwater engineering, and potential health
risks from prolonged use, such as eye strain, which can also slow the broader adoption of
VR in educational environments.

Lastly, a potential barrier to adopting VR in education and training is technophobia,
an irrational fear or aversion to new technologies that can cause anxiety, avoidance, or
frustration among users. Practically, educators may experience heightened anxiety and low
confidence during the initial use of VR, leading to resistance and limited implementation.
Mitigation strategies, such as targeted training and gradual exposure, can build confidence
and reduce barriers, enabling VR integration and adoption.

VR can enhance inclusion in education and training by creating immersive environ-
ments that accommodate diverse needs and overcome physical barriers. As noted in recent
research, the current education landscape represents a unique opportunity to build ac-
cessible and inclusive virtual worlds from the very beginning, leveraging metaverse and
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extended reality technologies for lifelong learning. This benefits students with disabilities
through personalized simulations, adaptive training, and remote access, as evidenced by
VR'’s effectiveness in special education [56].

Furthermore, VR promotes equitable learning pathways, such as STEM applications for
underrepresented groups, fostering creativity and empathy while aligning with sustainable
goals. By integrating supportive frameworks, educators can create inclusive ecosystems
that reduce disparities and broaden participation.

7. Conclusions

The originality of our VR application is rooted in several key elements that differen-
tiate it from existing educational tools. A cornerstone of this novelty is the customized
physics engine specifically designed for the underwater simulation scene. Recognizing the
limitations of generic physics engines in accurately representing complex hydrodynamics,
we carefully re-engineered over 60% of the code. This extensive process delivered a better
level of fidelity and realism to users when testing submarine models, far from simplis-
tic games and into simulation territory. The realistic simulation of buoyancy, drag, and
fluid dynamics allows for a truly authentic experience that attempts to mirror real-world
underwater environments, a critical factor for effective engineering education.

Furthermore, the perceived quality and usability of the application have been inde-
pendently validated through the affordance questionnaire, with results indicating a very
high rating. This high rating underscores the intuitive design and ease of interaction within
the virtual environment, ensuring that users can focus on learning and experimentation
rather than struggling with the interface.

Perhaps the most compelling element of novelty is the absence of any other publicly
available and mature application that offers a similar comprehensive platform for virtual
submarine design and testing. While isolated simulations or design tools may exist, none
integrate the full spectrum of design, testing, and realistic physics within an immersive VR
environment to the degree our application does. This unique positioning fills a significant
gap in STEM education tools, offering an unparalleled opportunity for students and
professionals to engage with complex naval architecture and engineering principles in an
accessible and engaging way.

These early findings indicate that the VR application’s user-friendly design could re-
duce barriers for learners, potentially enabling a wider audience, including those unfamiliar
with complex design software, to engage with advanced design and engineering concepts.
This streamlined onboarding process appears to enhance engagement and optimize learn-
ing time, allowing users to transition quickly from learning the interface to experimenting
and innovating. Further research, including comparative studies with tools like CAD and
longitudinal assessments of skill durability, is needed to validate these observations and
fully evaluate the application’s educational impact.

Limits and Future Work

In the evaluation process of this software, we highlight an initial limitation related
to the relatively small number of participants. Repeating the study with a larger sample
size should be linked to accessing a group with similar characteristics. Further studies
will focus on the relationship between the effectiveness of the training process and the
characteristics of the participants involved in it.

Additionally, the small sample size and homogenous nature of the cohort, drawn
from a single institution, can pose challenges to the generalizability of the findings. The
uniformity in age, educational background, and institutional context may not reflect the
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diversity of learners in other settings, such as different universities, engineering disciplines,
or professional environments.

This homogeneity introduces potential sample bias, as the cohort’s specific characteristics—
such as their advanced engineering training or familiarity with technology—may have
influenced their performance and engagement with the VR software, potentially inflating
its perceived effectiveness. These limitations suggest that the study’s results may not fully
apply to broader populations, such as novice learners, students from varied academic
backgrounds, or professionals in underwater engineering.

To address the limitations of the small and homogenous sample, further research
should incorporate larger and more diverse participant groups, including students from
multiple institutions, varying levels of expertise, and different demographic backgrounds.
Such studies would enhance the generalizability of findings and reduce potential biases,
providing a more robust understanding of the VR Submarine Simulator’s effectiveness
across diverse educational and professional contexts.

While the evaluation of VR software for educational purposes is comprehensive, it is
important to recognize the inherent challenges and limitations in the process itself. One
significant limitation lies in standardizing evaluation metrics across diverse VR appli-
cations. The immersive and interactive nature of VR introduces variables not typically
found in traditional software, such as motion sickness and the difficulty in isolating the
specific pedagogical gains directly attributable to the VR experience versus other learning
modalities. Quantifying the subtle, yet powerful, influence of presence and immersion on
learning outcomes remains a complex area of research.

There are some limitations concerning the statistical validity of certain measures.
Specifically, AVE and discriminant validity indicators fell below standard thresholds,
raising concerns about measurement precision and results. These issues may result from
a small sample size, ambiguous questionnaire formulations, or language barriers. We
acknowledge that the AVE values for the flow construct (0.407) and Core Elements of the
Gaming Experience—CEGE (0.432) fall below the recommended threshold of 0.50 [57],
indicating potential weaknesses in convergent validity.

Given the exploratory nature of this study and the novelty of the VR learning en-
vironment, we recognize the challenge in precisely defining latent constructs at this
stage; thus, future iterations will involve item refinement and validation on a larger,
homogenous sample.

While the current sample size of 26 is acceptable for exploratory PLS-SEM, we conclude
that it constrains generalizability and statistical power; therefore, subsequent studies will
involve larger samples to enable more robust validation, subgroup analyses, and improved
reliability of parameter estimates.

To address another limitation in future studies, we recommend refining the affordance
questionnaire items to more explicitly align with VR affordance and flow constructs. Clearer
wording or adding illustrative examples to certain survey questions may improve partici-
pant comprehension and response accuracy, enhancing subsequent statistical robustness.

Another challenge involves the long-term retention and transfer of knowledge gained
in VR environments. While initial studies often show strong immediate learning, more
longitudinal research is needed to determine how well these skills and understandings
translate to real-world applications and how durable they are over time.

Potential confounding factors further complicate VR implementation and research
evaluation. These include variability in participants” prior VR and gaming experience,
which can influence perceived immersion and learning outcomes; differences in hardware
performance across institutions, leading to inconsistent user experiences; and environ-
mental factors like classroom setup, lighting, noise, or distractions that may diminish the
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sense of presence in VR simulations. In educational research contexts, such as studies on
our Submarine Simulator, confounding often arises in media comparison designs where
factors like instructional methods, novelty effects, or learner motivation are not adequately
controlled, potentially skewing results on VR'’s efficacy compared to traditional methods.
Addressing these requires standardized protocols for VR deployment, including guidelines
for hardware setup, user onboarding processes to mitigate experience discrepancies, and
consistent evaluation metrics tailored to VR’s unique features, such as immersion scales
and longitudinal tracking of skill transfer.

Future research should therefore focus on optimizing these environments to maximize
their educational potential while addressing these challenges. This includes developing
more robust and universally applicable evaluation frameworks that account for the unique
characteristics of VR. Exploring how VR can be seamlessly integrated with other teaching
methods to create blended learning experiences will be key to unlocking its full potential,
ensuring that it complements, rather than replaces, traditional educational approaches.
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Appendix A
Affordance Questionnaire Items
On a scale from 1 to 5, where 1 is Strongly Disagree and 5 is Strongly Agree:

e Ifound the VR environment easy to navigate (using the menu, navigating closer/away
from the submarine mode, changing modes, changing views, and everything related)
The VR controls were easy to learn and use.

The overall VR experience did NOT cause any discomfort or motion sickness.

The VR environment provided clear visual indications of what I could interact with.
The VR environment felt responsive to my actions.

I felt confident about how I could interact with objects in the VR environment.

At the end of the experience, I felt confident about how to build and test subma-

rine models.

e I found it easy to personalize the appearance and functionality of my submarine in
Build Mode.

e  The Build Mode provided enough freedom for my creativity in designing a unique

submarine model.

The VR environment provided clear indications of what actions I could perform.

The tools in VR felt intuitive to use.

I found it easy to understand the function of the different tools available in VR.

When I looked at two components, I could easily tell if they were snapped together.

I believe that the VR simulation had a good representation of underwater fluid me-
chanics (in alignment and close to reality).
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I believe that all the represented forces and calculations during the underwater simu-

lation were enough to understand the efficiency of my submarine model.

I felt engaged and fully focused during the experiment.

I felt comfortable in the virtual submarine simulation environment (scene 2).

The experiment allowed me to iterate fast and efficiently over my submarine models.

Overall—I believe that this learning experience in Virtual Reality brings real educa-

tional value in the process of prototyping a real, small-scale submarine.

I did not feel that one hour had passed; I lost track of time.

Appendix B

Table A1. Commands and guidelines given to all participants.

Chapter 0:
Video Introduction

The video tutorial contained an in-depth explanation of each
function and mode available in the VR software application.

Chapter 1:
Building Mode

Create a new submarine model.

Add a cube to the scene and move it to the center of the table.

Scale the cube proportionally.

Change the material of the cube to ABS.

Make sure the weight of the cube is between 7 and 10 kg.

Add a cylinder to the scene.

Snap the cylinder on top of the cube exactly in the middle using the
“Face Snap” function.

Attach two motors to the cube, one motor on the left side of the cube,
and one motor on the right side of the cube.

Save your model.

Move to simulation mode with the current model.

Chapter 2:
Floatability Testing and
Underwater navigation

In front of you—on the virtual table you have two handles—use the
left one to rotate around the object and the right one to zoom in and
zoom out.

Below, under the table—you have two handles. Each one has the
same color as the motor it controls.

Use the motors individually or together to move the ensemble
underwater.

Experiment with navigating with the model underwater—rotate
it/move forward /backwards.

Press “A” to change to a first-person view and use the joysticks to
move underwater.

Press “A” again to return to the initial third-person view.

Restart the simulation using the green button on the console.

Exit the simulation using the red button on the console.

Open Q&A

Chapter 3:
Exploratory Learning

Create a model made of 4 shapes and 2 motors that sinks into the
water between 1000 and 2000 m. The model needs to be as
controllable as possible (can move forward, backwards, left, and right
in a controlled manner).

Participants were informed that they had complete creative freedom
to design their 3D submarine models.
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Appendix C

Data and Data Distribution Review

Table A2. Distribution of data—affordance.

Statistic Value
Count 26
Mean 85.69

Median 87.00

Std Deviation 6.92
Min 70.00
25% 81.25
75% 91.00
Max 98.00
Skewness —0.42
Kurtosis —0.42

Table A3. Distribution of data—flow.

Statistic Value
Count 26
Mean 3.80

Median 3.92

Std Deviation 0.54

Min 2.50

25% 3.41

75% 4.19

Max 4.53
Skewness —0.85

Kurtosis 0.21

Table A4. Distribution of data—CEGE.

Statistic Value
Count 26
Mean 5.17

Median 5.24

Std Deviation 0.64

Min 3.39

25% 4.84

75% 5.66

Max 6.24
Skewness —0.68

Kurtosis 0.58

All dimensions show left-skewed distributions, suggesting that while most users
score moderately high, there are a few lower scores pulling the means down. AFF has
the widest relative spread, while FSS and CEGE are more consistent. With only 26 points,
these patterns should be interpreted cautiously; larger samples might reveal more about
underlying normality or multimodality.

The following raw data has been utilized throughout the statistical analysis described
in the section related to results:
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Table A5. Raw data—questionnaire results for each participant in the study.

UserID Affordance Flow Core Elements of Gaming
(AFF) (FSS) Experience (CEGE)
290 73 3.778 4303
709 83 4.028 5.455
227 81 4528 6.152
512 93 4222 5.212
177 91 4.389 5.788
443 90 4194 5.788
187 76 3.972 4.667
159 89 4333 5.152
830 93 4194 5.667
670 88 3.778 4.909
590 79 3.556 4333
595 83 3.361 4.818
682 82 3.972 4818
341 87 4.361 5515
411 91 3.861 5.273
840 91 3.194 5.788
388 94 3.972 5.061
723 94 4111 5.273
985 84 2.528 4.939
779 79 3.361 3.394
298 80 3.333 4303
484 98 4528 6.242
770 87 3.222 5.273
955 87 3.722 5.697
642 70 2.500 4939
256 85 3.778 5.636
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