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ABSTRACT
Virtual reality (VR) technologies have shown significant potential in enhancing the automotive design process by providing

immersive, interactive, and collaborative environments for reviewing complex vehicle architectures. Traditional CAD models

and physical prototypes often struggle to offer the flexibility needed for rapid iteration and spatial understanding, especially for

systems such as hydrogen‐powered commercial vehicles. This study aims to develop a VR platform to improve the collaborative

review of the internal architecture of a hydrogen‐powered commercial vehicle, specifically focusing on the spatial arrangement

and interaction of critical components such as hydrogen tanks, fuel cells, and batteries. The goal is to enhance design processes,

reduce iteration costs, and improve spatial understanding and decision‐making within automotive teams. The VR environment

was built using Unity 3D and optimized for mobile VR platforms, incorporating features such as interactive component

manipulation, dual locomotion modes (teleportation and free movement), and real‐time collaboration. The platform was tested

with a range of users, including automotive professionals and students, to evaluate its usability, performance, and impact on

spatial understanding and user engagement. User feedback demonstrated high levels of satisfaction, with 85% of participants

reporting improved spatial understanding, 80% preferring VR over traditional CAD tools, and 90% noting increased engage-

ment. The VR platform enabled faster completion of assembly tasks (40% faster than traditional methods) and improved

collaborative decision‐making. However, challenges such as system performance issues, motion sickness, and a steep learning

curve were reported by some users, particularly nontechnical users. The VR platform developed in this study significantly

advanced the collaborative and immersive review of automotive designs, offering tangible benefits in terms of engagement,

spatial comprehension, and design iteration efficiency. While there were limitations related to hardware requirements and user

accessibility, the results highlight the transformative potential of VR in automotive design and education. Future work will

focus on performance optimization, AR integration, and improving usability for nontechnical users.

1 | Introduction

Virtual reality (VR) is a transformative technology that creates
immersive, three‐dimensional environments generated by com-
puter systems, allowing users to explore and interact within syn-
thetic worlds. A compelling VR experience hinges on its ability to
be computer‐generated, believable, interactive, immersive, and

explorable [1]. The technology encompasses various applications,
from fully immersive experiences requiring sophisticated hardware
to non‐immersive simulations that utilize realistic visuals and
sound. Collaborative environments, while engaging, may not fully
achieve true VR without strong user interaction. Additionally,
augmented reality (AR) merges virtual elements with the real
world, enabling real‐time interaction with holograms. As VR
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technology advances, it holds great potential for creating increas-
ingly realistic and engaging experiences, particularly in fields like
education and engineering [2, 3].

VR's diverse applications significantly enhance experiences in
several areas, including education, science, gaming, and medicine.
In education, VR simulators have revolutionized training pro-
cesses, especially in high‐risk activities such as piloting. Flight
academies utilize VR to create safer, more efficient learning ex-
periences, enabling students to master complex maneuvers without
risking lives. In the scientific realm, VR facilitates intuitive visu-
alization of research, eliminating the need for traditional tools like
microscopes. It also supports rapid prototyping, allowing scientists
to see how their work integrates into real‐world scenarios. A
notable example is the “GROPE” project from the 1960s, which
examined interactions between protein molecules and drugs [4]. In
gaming and entertainment, VR has gained traction due to high
demand and the relative ease of development, continuously evol-
ving to enhance user engagement. In medicine, the da Vinci sur-
gical robot, introduced in 2009, exemplifies VR's impact by
enabling remote surgeries and fostering collaboration among spe-
cialists across distances [5].

Overall, the expanding applications of VR illustrate its potential
to transform various industries, making processes safer, more
efficient, and more interactive [6–8].

1.1 | Advantages and Challenges Associated With
Extended Reality for Education

Extended reality (XR) VR, AR, and mixed reality (MR) to provide
immersive tools for visualizing and interacting with digital models,
offering significant applications in education and engineering
design. In educational settings, it offers numerous advantages, sig-
nificantly enhancing learner outcomes and engagement. Research
indicates that XR can decrease cognitive load and improve spatial
abilities, contributing to overall learning performance. By effectively
juxtaposing real objects with virtual text and symbols, XR helps
reduce cognitive strain in limited working memory. However, these
findings warrant further exploration, as current evidence is based
on a limited number of studies. Well‐designed XR systems are
recognized for their potential to alleviate cognitive overload, though
further investigation is needed to understand this benefit compre-
hensively. The pedagogical contributions of XR are notable, par-
ticularly in enhancing student enjoyment and engagement. XR can
transform conventional instruction into more interactive and en-
tertaining experiences, especially through gamified learning appli-
cations [9]. Moreover, mobile XR tools foster greater student
involvement, encouraging decision‐making and responsibility in the
learning process. Research suggests that XR can also increase
learning interest, as students often display heightened focus and
concentration when utilizing XR technologies [10–13].

Despite these advantages, the implementation of XR in education is
accompanied by several challenges. A primary concern is usability;
many students find XR applications difficult to navigate, which can
hinder educational effectiveness. Ensuring well‐designed interfaces
is crucial to prevent frustration and time loss. Additionally, cog-
nitive overload remains a potential issue in XR environments,
particularly when the complexity of tasks increases [14, 15].

Technical challenges are also prevalent, especially with location‐
based XR applications, where inaccuracies in positioning can
mislead users. Overall, while XR presents transformative oppor-
tunities for enhancing education, it also poses usability and tech-
nical challenges that need to be addressed to maximize its potential
and ensure effective learning experiences [16–18].

1.2 | Applications of VR in Corporate Training
and Model Presentation

VR has emerged as a powerful tool in corporate training, offering
unique advantages for the instruction and development of both
technical and soft skills. In sectors where hands‐on practice is es-
sential, VR provides an immersive environment where workers can
safely engage with realistic simulations, avoiding the risks and costs
associated with real‐world errors. For instance, industries such as
automotive benefit from VR's ability to replicate complex tasks
without wasting materials or risking damage to equipment.
Trainees can repeatedly practice psychomotor skills, such as the
application of precise paint coatings, in a controlled environment
that offers immediate feedback on performance—far more effi-
ciently than traditional methods [19, 20].

Moreover, VR proves particularly effective in overcoming the
limitations of physical training, including logistical constraints,
time investment, and the high costs of materials and instructor‐led
sessions. The flexibility of VR allows for scalable and cost‐effective
learning, where custom scenarios can be developed to meet specific
training needs, regardless of location or group size. Workers can
refine their skills at their own pace, in a personal space, which is
crucial for developing confidence before transitioning to real‐world
tasks. Beyond technical skills, VR is increasingly utilized for soft
skills training. Its immersive nature helps employees engage more
deeply with training modules, such as customer service simulations
or leadership development exercises, providing a low‐pressure en-
vironment where they can practice and improve [21]. For example,
VR is widely used to simulate customer interactions, where train-
ees learn to de‐escalate tense situations or navigate complex
interpersonal challenges. These applications have been shown to
significantly enhance both the effectiveness and efficiency of
training programs, reducing time spent on instruction while im-
proving knowledge retention and skill acquisition [22, 23].

VR's capacity to simulate a wide range of realistic scenarios,
from technical operations to interpersonal interactions, posi-
tions it as a key tool in modern corporate training strategies. Its
ability to support repeated practice, immediate feedback, and
individualized learning pathways makes it an indispensable
technology for industries seeking to optimize their workforce
development efforts [24, 25].

1.3 | Use Case and Design Objectives

This study focuses on the use of VR to optimize the internal
architecture of a hydrogen‐powered commercial vehicle, spe-
cifically exploring the positioning of key components such as
hydrogen tanks, fuel cells, and batteries. The goal is to dem-
onstrate how VR can be leveraged not only as a tool for learning
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but also for effectively presenting and evaluating technical
solutions in a clear and intuitive manner.

In an academic setting, this type of environment aims to give
students full awareness of their work, whether it involves
chassis modeling or component placement analysis. The goal is
to provide students with a powerful tool to critically assess their
designs, make necessary adjustments, and effectively present
their work. Moreover, to ensure accessibility and ease of use,
the platform is designed to be open‐source and user‐friendly,
encouraging wider adoption in educational contexts.

While the detailed architectural analysis behind these configu-
rations was conducted as part of a broader project aimed at
developing a hydrogen‐powered commercial vehicle, the spe-
cifics of that work fall outside the scope of this study. However,
it is important to note that extensive product, structural, and
positioning analyses were performed before selecting the con-
figurations used in this study.

The study was conducted within the field of industrial en-
gineering, with participants contributing from relevant
academic programs and explores the internal architecture of
a hydrogen‐powered commercial vehicle by considering
three distinct wheelbase configurations. This approach al-
lows for comparative evaluations regarding the number of
hydrogen tanks, vehicle range, and intended mission profile.
Each variant represents a different balance of hybrid
electric–hydrogen integration, catering, to specific opera-
tional needs. The medium‐class vehicle was selected as a
case study, offering a compromise between the compact
agility of light‐duty vehicles and the extended range of
heavy‐duty models.

However, different use cases may require alternative solutions
(Figures 1 and 2): a smaller, more maneuverable vehicle for
urban operations, a heavy‐duty variant for long‐haul transport,
or an intermediate model balancing efficiency and flexibility.

Accordingly, three fuel cell hybrid configurations were analyzed:

■ Range‐Extender FCEV: Primarily battery‐powered,
requiring larger and heavier battery packs.

■ Load‐Follower FCEV: A versatile system utilizing both bat-
tery and fuel cell power depending on driving conditions.

■ Pure Fuel Cell FCEV: Relies predominantly on hydrogen
tanks, with the battery serving as a secondary energy buffer.

These predefined configurations serve as the foundation for the
VR environment, enabling users to examine and compare dif-
ferent layouts while assessing their advantages and trade‐offs.

2 | Materials and Methods

2.1 | System Design and Development
Requirements

The primary objective of this project was to develop a VR en-
vironment designed to support the collaborative review of the
internal architecture of a hydrogen‐powered commercial vehicle.
Building on the case study introduced in Section 1.3, the VR
platform was developed to enable users to explore and assess var-
ious design solutions in real‐time focusing specifically on the po-
sitioning and configuration of critical components such as
hydrogen tanks, the fuel cell, and the battery. The platform was
conceived as a parallel tool to the ongoing design and modeling
phases, facilitating iterative improvements and fostering collabo-
ration among diverse teams involved in the vehicle's development.
At the outset of the project, we established clear system require-
ments by distinguishing between functional and nonfunctional
elements, each of which played a crucial role in shaping the design
choices and guiding the development process.

The functional requirements ensured that the platform could
meet the operational demands of the project, allowing for effi-
cient exploration and discussion of design modifications in a
user‐friendly, interactive environment. In contrast, the non-
functional requirements focused on aspects of the platform that
would ensure its long‐term viability and ease of use. The project
aimed to create a robust, flexible system that could evolve
alongside the design process [11, 26].

Functional Requirements:
■ Agility in Design Interaction: The platform needed to be

developed rapidly and possess a flexible structure, allow-
ing for continuous updates and modifications to the
vehicle architecture as design decisions evolved.

■ Interactivity: Users needed the ability to intuitively navi-
gate through the virtual space and manipulate the vehicle

FIGURE 1 | Features of the three versions analyzed in the study of interior configurations for the commercial vehicle.
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architecture, making it easy to explore and discuss modi-
fications in real time.

■ Real‐Time Collaboration: The solution had to support
multiple users working concurrently on the same model,
allowing for simultaneous review, discussion, and modi-
fication of the architecture.

Nonfunctional Requirements:
■ Ease of Use: The platform required an intuitive user

interface, reducing the time needed for users to become
familiar with the VR environment and ensuring effective
collaboration from the start.

■ Scalability: The system had to be scalable, allowing for the
addition of new features and integration with other
development tools as the project progressed.

■ Development Efficiency: The choice of tools and technol-
ogies needed to prioritize minimizing development time
while ensuring seamless integration with the modeling
efforts being conducted in parallel.

By adhering to these requirements, the project sought to strike a
balance between development speed, interactive capabilities,
and collaborative efficiency. This foundation enabled the cre-
ation of a shared, dynamic methodology that supported ongoing
design iterations and real‐time feedback. In turn, these con-
siderations informed the selection of development tools, user
experience design, and overall system architecture, ensuring
that the VR platform was both effective and adaptable to the
evolving needs of the project.

2.2 | Game Engine

For the development of the experience, two of the most widely
used engines for XR application development were considered:
Unity 3D and Unreal Engine.

The decision to adopt one engine over the other was made after
a careful evaluation of the characteristics of both environments.
While Unreal Engine offers advanced graphic capabilities and
physical realism, Unity 3D stood out for its agility in proto-
typing and its extensive documentation. In contexts where time
is a critical factor, and collaboration between different teams (in
this case, mechanical design and software development) is
fundamental, Unity 3D provides the tools necessary for rapid
iteration and testing [27].

This decision was based on several key factors that highlight
Unity's suitability for this project.

■ Agility and Rapid Prototyping

Unreal Engine is known for its advanced graphical capa-
bilities and high‐fidelity physics simulation, making it
ideal for projects requiring cinematic‐quality visuals.
However, this comes at the cost of more resource‐intensive
workflows and longer iteration cycles. Unreal primarily
uses C ++ as its scripting language, which, while power-
ful, can be complex and slower to iterate for developers
less familiar with low‐level programming [27]. In contrast,
Unity 3D uses C#, a higher‐level, easier‐to‐learn language
that simplifies prototyping and reduces the complexity of
the development process [28]. Unity's workflow is more
straightforward, with a lightweight interface that supports
faster iteration, making it particularly well‐suited for
projects where time is a critical factor. For this project,
where quick iterations and real‐time feedback were es-
sential to adjusting the vehicle architecture, Unity's pro-
totyping speed and simplicity of scripting in C# allowed
for rapid changes without the overhead often associated
with Unreal's more complex toolset.

■ Ease of Use and Learning Curve

Unreal Engine offers a more sophisticated development
environment, but its interface can be intimidating for

FIGURE 2 | Results of the study on interior architectures showing possible layouts of the hydrogen fueling and propulsion system components.

Three possible configurations can be distinguished for each of the mission types identified in the research, from right to left: Range‐Extender, Load
Follower, and Pure Fuel Cell.
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beginners and Nontechnical team members. The Blueprint
Visual Scripting system in Unreal does provide a node‐
based, visual programming alternative to C ++, which can
be helpful for artists and designers. However, the system
still requires a good understanding of game development
principles and can become unwieldy for larger projects.
Unity, on the other hand, is known for its intuitive inter-
face and more accessible learning curve. The editor in
Unity is designed to be user‐friendly, with a simpler layout
that allows users to navigate between scene views, asset
management, and the scripting environment more fluidly.
Moreover, C# is easier to learn than C ++, especially for
developers coming from higher‐level languages. In a col-
laborative academic setting, where team members from
mechanical design backgrounds were working alongside
software developers, Unity's less steep learning curve
made it the ideal choice. Nontechnical users could more
easily get involved in the VR development process, making
Unity more practical for interdisciplinary collaboration
compared to Unreal's more complex environment.

■ Cross‐Platform Compatibility and Flexibility

Both Unity and Unreal support a wide range of platforms,
from desktop systems to mobile devices and VR headsets.
However, Unity 3D has a more efficient build pipeline for
lightweight platforms like the VR devices, which was a key
consideration for this project. While Unreal excels in creating
high‐end, visually rich experiences, it often requires additional
optimization to run smoothly on lower‐end or mobile hard-
ware. Unity's cross‐platform compatibility is also more seam-
less when it comes to development and deployment, requiring
fewer modifications between platforms. This made Unity a
more flexible choice for our project, where testing needed to
occur on different hardware setups, from desktop VR to
mobile VR systems like Meta Quest. Unity's efficient handling
of mobile and standalone VR devices allowed the team to
focus on content creation without being bogged down by ex-
tensive performance tuning, which might have been necessary
with Unreal's more demanding system requirements.

■ Community and Support Ecosystem

While Unreal Engine has a strong community, particularly
among developers focused on AAA game development and
cinematic experiences, Unity's community is much broader and
offers more extensive resources tailored to a variety of indus-
tries, including education, indie development, and XR. Unity's
C# scripting benefits from a large, active developer base and a
wealth of learning materials—ranging from beginner tutorials
to advanced development guides. This is particularly beneficial
in an academic context, where support from forums, tutorials,
and community‐driven tools helps accelerate learning and
development.

For this project, where access to cost‐effective, easily inter-
actable third‐party tools was essential, Unity's community‐
driven support and rich asset store proved far more practical
than Unreal's offerings.

The last critical decision in the development of the VR appli-
cation was the choice of Meta's SDK, specifically tailored for

Meta devices, over alternatives like OpenXR and the XR
Interaction Toolkit. This decision was based on several key
factors that align with the project's goals of optimizing the VR
experience for the Meta Quest headsets available in the
department.

Direct Hardware Optimization

The primary justification for using Meta's SDK lies in its direct
hardware optimization for Meta Quest devices. The SDK is
designed to integrate seamlessly with Oculus hardware, en-
abling the application to fully exploit the device's capabilities,
including advanced tracking systems and intuitive input
mechanisms. This optimization is essential for delivering a
responsive and immersive VR experience, thereby enhancing
the effectiveness of the architectural review process.

Access to Oculus‐Specific Features

Meta's SDK also provides access to a range of Quest‐specific
features that are not easily available through OpenXR [29].
These features, such as the Oculus Guardian system and hand
tracking technology, play a crucial role in creating a more en-
gaging and intuitive user interface for the VR environment. The
ability to incorporate these advanced features underscores the
rationale for selecting Meta's SDK, allowing the project to fully
leverage the technological advancements of the Oculus Quest
headsets.

2.3 | Experience Development

The primary objective of this project is to immerse users in a
virtual environment where they can interact with and learn
about the components of fuel cell vehicle architectures. Within
this interactive space, users are introduced to three distinct
vehicle frames, each characterized by unique wheelbase mea-
surements. This setup is designed to challenge users by allowing
them to place various components onto these frames, enabling
them to assess the compatibility of these parts in terms of
spatial arrangement and performance constraints [26].

This approach aims to accomplish several key goals:

■ Enhance Understanding: By engaging with vehicle com-
ponents in a simulated 3D environment, users move
beyond theoretical knowledge, gaining practical insights
into fuel cell vehicle architecture. This immersive experi-
ence allows users to better grasp the spatial and functional
relationships between components.

■ Foster Experimentation: The VR environment serves as a
virtual sandbox where users can experiment with different
component combinations across various frames. This fos-
ters critical thinking, problem‐solving, and creative ex-
ploration, which are essential skills for professionals in
vehicle design and engineering.

■ Evaluate Compatibility and Performance: The platform not
only allows users to visualize components and frames but
also to assess how different configurations perform in
tandem. Users must consider both spatial compatibility
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and performance implications, providing a comprehensive
evaluation of design choices.

■ Interactive Learning Experience: Beyond conventional
learning methods, this VR experience offers a hands‐on,
immersive approach, significantly enhancing user en-
gagement and retention of information regarding fuel cell
vehicle architecture.

2.3.1 | Navigation Mode

The initial phase of UX development was anchored in extensive
user research, focusing on the environments and preferences of the
target user base. This study highlighted the necessity for a naviga-
tion system that would accommodate both users with ample
physical space for movement and those in more restricted areas.
These insights were critical in shaping a UX strategy that prioritizes
flexibility, user comfort and accessibility, ensuring that the VR
platform is educational and universally accessible.

Based on user research, the UX design implemented two pri-
mary modes of navigation within the VR environment: free
movement and teleportation [30].

■ Free Movement

Free movement allows users to navigate the virtual space
by physically walking in their real‐world environment.
This mode offers an immersive experience for users with
sufficient space, enabling them to explore vehicle archi-
tectures naturally and intuitively. By physically engaging
with the VR environment, users can explore the intricacies
of automotive designs in a way that enhances the learning
experience, providing direct interaction with the spatial
elements of the vehicle.

■ Teleportation

For users with limited physical space, teleportation was
integrated as an alternative navigation method. Telepor-
tation allows users to relocate instantly within the virtual
environment by selecting a destination point. This mode
ensures that all users, regardless of their physical setting,
can fully engage with the educational content. By elim-
inating the need for physical movement, teleportation
breaks down barriers to access, making the exploration of
complex vehicle architectures more inclusive.

2.3.2 | System Responsiveness

A critical aspect of maintaining system responsiveness within
the VR platform was the optimization of CAD model geome-
tries. CAD models are often highly detailed and complex, which
can pose significant challenges for real‐time rendering in VR
environments, especially in standalone VR systems with limited
computational power compared to PC VR setups. To ensure a
smooth and responsive user experience, the project focused on
optimizing the models without sacrificing visual fidelity.

By carefully preparing and importing CAD models into the VR
environment, the project successfully balanced maintaining

high‐quality visuals with ensuring fluid, real‐time interactions.
This optimization was essential to create an educational tool
that is both engaging and effective, allowing users to explore
and manipulate vehicle architectures without performance is-
sues [31].

■ Mesh Reduction

A key step in optimizing CAD models was the reduction of
polygon count, which significantly lowered the computational
load on the VR system. In standalone VR, such as on Meta
Quest headsets, the optimal polygon count for maintaining
high performance is generally around 50,000 to 100,000
polygons per scene. After optimization, the average polygon
count in the VR environment was reduced to approximately
75,000 polygons for standalone VR. This was a marked
improvement from the original CAD models, which often
exceeded 500,000 polygons [29, 31].

For PC VR systems, which can handle more detailed scenes
due to higher processing power, the polygon count was kept
slightly higher, at around 200,000–300,000 polygons per scene.
This approach leveraged the increased capabilities of PC‐based
systems while maintaining responsiveness, ensuring that both
standalone and PC VR setups delivered smooth interactions
without compromising the visual quality needed for educa-
tional purposes [29].

■ FBX Format for Importation

To further enhance the fidelity and interactivity of the models,
the decision was made to import them into Unity using the
FBX format, rather than the more common. obj files. The FBX
format provides better support for complex hierarchies, ani-
mations, and precise model details, which was crucial for
accurately representing the vehicle components. This choice
ensured that the models not only looked coherent but also
interacted in a natural and intuitive way within the VR en-
vironment. This level of detail and accuracy was pivotal for
users who needed to manipulate and explore the fuel cell
vehicle architecture meaningfully.

■ Ergonomic Interaction Design

In addition to technical optimization, ergonomic interac-
tion design played a key role in ensuring that users could
comfortably engage with the virtual environment for ex-
tended periods. The VR platform was designed with user
comfort in mind, allowing for intuitive handling of com-
ponents and seamless transitions between different tasks.
By enabling efficient, fluid interactions, the platform
supports longer, more productive sessions, increasing the
depth of exploration and learning.

3 | Results

The present work stands out for the introduction of a highly
interactive and structured virtual environment, developed using
Unity's internal ProBuilder package. This open‐source package
enabled rapid and efficient development, while maintaining a
clear focus on the project's objectives. Notably, as an open‐
source tool, ProBuilder is freely available for download and
accessible for learning by anyone.
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In contrast to previous approaches, we optimized user interac-
tion through a controller system with diversified locomotion
modes (continuous movement and snap turning), better align-
ing with individual user preferences and spatial requirements.
Additionally, the integration of interactors and components for
automotive architecture assessment enabled both direct and
remote manipulation of life‐size vehicle models, with intuitive
visual feedback guiding the assembly process. This is also
achieved thanks to the implementation of a dynamic “attaching
and detaching” system for components, featuring visual in-
dicators (green spheres and alignment meshes).

The development process was also heavily influenced by
user feedback, which allowed us to customize interaction
and locomotion options to better suit varying user prefer-
ences and ergonomic needs, aiming to create a more
inclusive and functional experience. This was achieved
through direct involvement of students, who, guided by the
professor, were able to make the necessary adjustments
independently, thanks to the program's straightforward
implementation.

The results of the final environment are presented in detail in
the following section of this chapter.

3.1 | Environment

The virtual environment was primarily built using an internal
Unity package, ProBuilder, allowing for rapid and efficient
development. This package enabled the creation of an inter-
active and structured setting for the review of vehicle compo-
nents, ensuring that the environment was both functional and
conducive to the project's objectives. The main hall was
designed to balance simplicity with purpose‐driven elements,
avoiding excessive realism to minimize user distraction and
maintain focus on the task at hand. Each side of the hall is
featured with elements to guide the user through the experi-
ence. Starting from the right‐hand side of the main hall, shelves
were provided for organizing vehicle components, ensuring
they were accessible and easy to manage during the review
process. On the left wall, illustrations of the proposed archi-
tectures with specific datasheets were displayed, offering users
an overview of the available configurations. The environment
for the experience is represented in Figures 3 and 4, while in
Figure 5, it is possible to see the user's point of view.

Within the main hall, three 1:1 life‐size vehicle chassis models
were displayed. The chassis furthest from the inner wall was the
modifiable chassis, allowing users to interact directly with it.
The other two chassis served as reference models for visual
comparison and context. The 3D models of all the vehicle
components, which could be allocated to the chassis, were po-
sitioned on the shelves along the right side of the main hall as
the default arrangement. The aim was to create an environment
that would make users feel comfortable while still focusing on
the project's objectives. Decorative elements on the walls were
chosen to serve a dual purpose: to enhance the environment
and to provide visual cues and context that reinforced the goal
of the experience. This ensured that users remained engaged
and focused without unnecessary distractions.

3.2 | Controllers and Locomotion System

The VR system was designed to accommodate a range of
interaction styles through distinct methods for the left and right
controllers, thereby optimizing the user experience for both
direct manipulation and remote interaction. Hand tracking was
considered as an alternative interaction method, but it was
ultimately not adopted due to limitations in precision and the
requirement for consistent performance across different hard-
ware setups. Additionally, without the use of controllers, it
would not be possible to provide the dual locomotion modes—
such as continuous movement and snap turning—since these
require physical input from the controllers. Controllers pro-
vided a more reliable and standardized user experience, which
was crucial for the intended collaborative review scenarios.

The left controller was configured with an XR Ray Interactor,
allowing users to interact with distant objects via a ray‐casting
mechanism. The ray provided visual feedback by changing
color: red when targeting invalid areas and white when a valid
interaction zone was detected. This feedback ensured that users
could easily identify areas where interaction was possible,
thereby enhancing usability and reducing errors.

The right controller, equipped with an XR Direct Interactor,
enabled hands‐on, natural interactions, such as grabbing and
releasing objects. Collider detection was employed to simulate
physical manipulation, making the interaction intuitive and
closely aligned with real‐world expectations. This distinction
between the left and right controllers allowed for a more ver-
satile interaction framework, ensuring that users had access to
appropriate tools for different types of interactions [32].

For locomotion, the system supported both continuous movement
and snap turning. Continuous movement, controlled via the
thumbstick on the right controller, provided smooth navigation
through the virtual space. The left controller, meanwhile, allowed
for 45‐degree snap turns—an option chosen based on user prefer-
ences for quick, noncontinuous orientation adjustments. Addition-
ally, the left controller managed teleportation, which was activated
when the XR Ray Interactor targeted a valid teleportation area or
anchor, providing users with a reticle for visual feedback and en-
abling efficient movement to predefined locations (Figure 6). This
dual‐mode navigation system—combining direct physical manipu-
lation, ray‐cast interaction, and various locomotion methods—
ensured that the VR environment was immersive and adaptable to

FIGURE 3 | Top‐down view of the VR environment designed for

the experience, with details on the positioning of various elements.
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FIGURE 4 | Isometric view of the VR environment for the experience; the elements and areas previously described in Figure 1 can be

distinguished.

FIGURE 5 | User's point of view when the experience starts. The camera, which represents the starting point, is visible in images 3 and 4 from

external views.

FIGURE 6 | Movement mode with teleportation in the three specific zones in front of the reference architectures.
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users with varying physical spaces and interaction preferences. By
offering these multiple modes of interaction and locomotion, users
could select the configuration that best suited their comfort and
physical constraints, leading to a more personalized experience [30].

3.3 | Interactors and Interactables for
Automotive Architecture Assessment

The interactions between XR Interactors and XR Interactables
within the scene were focused on the tasks of grabbing, un-
grabbing, attaching, and detaching vehicle components
(Figure 7). These interactions were facilitated by both the XR
Ray Interactor (for distant interaction) and the XR Direct In-
teractor (for direct, hands‐on manipulation).

For instance, the XR Ray Interactor was used to select a
hydrogen tank from a distance. The ray's behavior was similar
to teleportation interactions: it remained red when pointing at
non‐interactable objects and turned white upon hitting a com-
patible Interactable that shared the same Interaction Layer.
This visual feedback ensured that users were aware of whether
or not an interaction could take place. In contrast, direct
selection (grabbing) of a battery component using the XR Direct
Interactor required physical proximity, as the controller had to
virtually touch the object to initiate interaction, simulating a
real‐world grabbing action [32].

3.4 | Attaching and Detaching Components

Attaching and detaching vehicle components to their respective
positions was managed through XR Socket Interactors. When a
component was grabbed, either by an XR Ray or Direct Inter-
actor, all compatible attachment points were indicated by green

spheres, representing potential socket connections. This visual
guidance helped users understand where components could be
placed and provided intuitive feedback throughout the inter-
action. As the component hovered over a socket, a hovering
mesh appeared, giving users visual feedback on how the com-
ponent would align in terms of position and rotation. Once the
user released the component, it instantly attached to the socket,
much like a magnetic connection. This feature ensured that
components were correctly positioned, reducing the risk of
misalignment and enhancing the precision of the assembly
process (Figure 8).

If the hovering mesh did not appear, the component would not
attach to the socket, as the mesh indicated a necessary partial
overlap between the Interactor's and Interactable's colliders.
Furthermore, system logic ensured that if a socket already
contained a component, its hovering mesh was disabled, pre-
venting multiple components from occupying the same socket,
enforcing the integrity of the assembly process, and minimizing
the likelihood of errors during component placement (Figure 9).
Additionally, the ‘Anchor Control’ function of the XR Ray In-
teractor allowed users to adjust the position of a selected
component forward or backward using the thumbstick, en-
abling fine‐tuned positioning without requiring users to physi-
cally move within the scene [32].

3.5 | User Feedback Considerations

The design of the VR environment, including both interaction
and locomotion methods, was informed by comprehensive user
feedback. By offering a range of interaction styles, including
both direct and remote interaction, along with dual locomotion
options, the system was able to accommodate diverse user
needs.

FIGURE 7 | Interactions with objects via pointer for remote manipulation (a) and direct grasping of the component (b).

FIGURE 8 | Various views showing how components can be easily positioned into the designated slots highlighted in green (a–c). The final

positions of the components are also illuminated once correctly placed.
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This flexibility not only enhanced the versatility of the VR ex-
perience but also allowed the project to collect detailed feed-
back from users, which was instrumental in optimizing comfort
and usability. The data collected from user testing provided
valuable insights into preferences for interaction and movement
systems. Users were able to select the configuration that best
suited their comfort and spatial constraints, and this feedback
helped the development team identify the most ergonomically
effective configurations (Figure 10). Additionally, the ability to
customize the environment by importing relevant images, such
as vehicle blueprints, further enhanced usability (Figure 11).
The iterative refinement process, guided by user input, ensured
that the VR environment remained user‐centered and accessible
to a wide range of stakeholders, from mechanical designers to
nontechnical team members.

By incorporating user feedback, the platform was able to strike
a balance between functionality and ease of use, ensuring that
all users, regardless of their prior experience with VR technol-
ogy, could effectively engage with the environment. This user‐
centered approach contributed to a more inclusive and effective
design, supporting the project's goals of facilitating collaborative
review and iterative design improvement.

4 | Discussion and Conclusions

The development of the VR platform described in this study was
aimed at enhancing the collaborative review of the internal
architecture of a hydrogen‐powered commercial vehicle. This
discussion synthesizes the implications, benefits and challenges

associated with the implementation of such a VR platform in
the context of automotive design and education, while high-
lighting key lessons learned throughout the development
process.

The VR experience allows users to interact with different
component configurations, providing the ability to assemble
and disassemble various elements of the vehicle. This inter-
active environment offers users access to multiple pre‐studied
architectural options, enabling them to experiment with dif-
ferent layouts in real‐time. Furthermore, users can visualize
these configurations at various scales, enhancing the compre-
hension of spatial relationships and technical details [33–35].
The VR platform demonstrated significant potential to address
numerous limitations of traditional automotive design pro-
cesses. This interaction significantly enhanced students' ana-
lytical and evaluative skills in assessing design solutions.
Moreover, VR facilitated a heightened sense of presence and
engagement, surpassing conventional study techniques in fos-
tering active participation and interaction [33–35].

By offering an immersive, interactive, and collaborative en-
vironment, it enabled stakeholders, including designers, en-
gineers, and clients, to explore and assess different vehicle
configurations in real‐time. The capacity to manipulate the
placement of critical components, such as hydrogen tanks,
the fuel cell, and other subsystems, facilitated a comprehensive
understanding of spatial relationships, which is often chal-
lenging to achieve with traditional CAD models or physical
prototypes. This approach not only reduced the need for costly
design iterations but also facilitated a dynamic design process,

FIGURE 9 | Difference between correct/allowed placement, where the mask lights up in blue (a), and incorrect/unavailable placement, where

the mask turns red (b).

FIGURE 10 | Views that highlight the options available to the user beyond component placement (a) evaluating which wall‐mounted config-

uration to choose, (b) comparing placeable components with already configured architectures.
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wherein modifications could be visualized and deliberated upon
instantly. The incorporation of interactive tools, such as real‐
time collaboration and component manipulation, proved par-
ticularly effective in fostering communication among team
members and accelerating decision‐making processes.

The development of the VR platform presented in this study
pursued a dual objective: on one hand, to enhance student's
understanding and learning through modeling and immersive
interaction with the architectures of hydrogen‐powered com-
mercial vehicles; on the other hand, to ensure an efficient
infrastructure for the development, use, and evolution of the VR
experience, promoting the platform's scalability and adaptabil-
ity. This study has demonstrated that VR, when correctly im-
plemented, can serve as an effective alternative to traditional
learning methods, offering users an interactive and im-
mersive experience that improves spatial comprehension and
decision‐making skills [33–35].

The immersive environment allowed students to explore and
evaluate, in real time, different configurations of critical vehicle
components, such as hydrogen tanks, fuel cells, and batteries.
The ability to virtually observe and manipulate these elements
has made learning more effective through an experiential par-
adigm, enhancing students' analytical and evaluation skills of
design solutions. Furthermore, the use of VR has enabled stu-
dents to develop a greater sense of presence and engagement
compared to traditional study methodologies, encouraging
increased participation and interaction [36]. VR‐based learning
also provides the advantage of reducing risk in training on
complex machinery, helping to create a safer environment for
acquiring technical skills.

To validate the effectiveness of the VR platform, three distinct
questionnaires were administered at key stages of the evalua-
tion process:

■ Students

During and immediately after using the platform to cap-
ture both their immediate reactions and reflective eva-
luations of the learning experience and usability.

■ Instructors

During and immediately after using the platform to cap-
ture both their immediate reactions to assess the plat-
form's integration into teaching methodologies and its
perceived educational benefits.

■ To student developers and supervisors

At the end of the testing phase to evaluate system stability,
scalability, and ease of modification.

Structured interviews complemented the questionnaire results,
offering deeper insights into the qualitative aspects of the VR
experience. These interviews were conducted with selected
participants to explore difficulties encountered and areas for
potential improvement [30]. The questionnaires used are re-
ported in Tables 1 and 2.

User feedback (Figure 12) highlighted the platform's positive
impact on user preferences and learning. Testing among 20
students and 8 professors showed that 85% of participants were
satisfied with the VR platform, with 80% preferring it over
traditional 3D CAD tools. VR experience increased engage-
ment for 90% of users, and 75% found it easy to use. Notably,
85% of participants reported improved spatial understanding,
which is essential in automotive design, and students com-
pleted complex assembly tasks 40% faster than with traditional
methods [36].

Future improvements include integrating AR to allow the
visualization of vehicle components in real‐world contexts,
enhancing the connection between virtual and physical ele-
ments. AI‐driven analytics could also provide insights into
user behavior within the VR space, fostering a data‐driven
approach to refining design and user experience.

Additionally, further efforts should be made to:

• Optimize performance to enhance system responsiveness
and fluidity.

• Expand hardware compatibility beyond Meta's
ecosystem.

FIGURE 11 | Detail showing the ability to customize the walls by importing useful images, such as the vehicle blueprint with specific

dimensions.
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• Refine UI/UX design to accommodate nontechnical users
and minimize onboarding difficulties.

• Develop collaborative multi‐user environments
to facilitate remote teamwork among designers and
engineers.

The VR platform developed in this study represents a significant
advancement in the use of immersive technologies for auto-
motive design and education. It provided an effective solution
for enhancing collaboration, reducing design iteration costs,
and facilitating experiential learning. Despite challenges related
to system performance and user accessibility, the outcomes
demonstrate the transformative potential of VR in redefining

the automotive design process. Future developments should
focus on optimizing performance, expanding the platform's
capabilities with AR integration, and enhancing accessibility for
nontechnical stakeholders, ultimately reinforcing VR's role as a
key enabler of innovation in engineering design.

In conclusion, the VR platform developed in this study repre-
sents a significant advancement in the use of immersive tech-
nologies for automotive design and education. It provided an
effective solution for enhancing collaboration, reducing design
iteration costs, and facilitating experiential learning. Despite
challenges related to system performance and user accessibility,
the outcomes demonstrate the transformative potential of VR in
redefining the automotive design process. Future developments

TABLE 1 | Student questionnaire.

Section Question Response

User Experience How intuitive do you find the VR platform? Scale 1–5
Have you encountered technical difficulties? If yes, which ones? Open‐ended

Was navigation within the VR environment smooth and responsive? Scale 1–5
Learning and Comprehension How much has VR improved your spatial understanding of the

model?
Scale 1–5

Is VR more useful than CAD in understanding spatial aspects of the
project?

Yes/No/Both useful

Has VR improved your task completion speed? Yes/No

TABLE 2 | Teachers questionnaire.

Section Question Response

Didactic utility Does the VR platform help in understanding complex concepts? Scale 1–5
Have you noticed an improvement in students' analytical skills? Scale 1–5

How much does VR improve student engagement compared to traditional
lessons?

Scale 1–5

Ease of implementation How easy is it to integrate VR into courses? Scale 1–5
How necessary is preliminary training for effective use of VR? Low/Medium/High

FIGURE 12 | Chart with the survey's results.
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should focus on optimizing performance, expanding the plat-
form's capabilities with AR integration, and enhancing user
accessibility for nontechnical stakeholders.
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