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ABSTRACT: The increasing complexity of urban mobility and infra-
structure maintenance in smart cities necessitates the development
of enhanced training methodologies for utility vehicle operators. This
paper analyzes contemporary simulation techniques used in operator
training, emphasizing the role of virtual reality (VR) in improving de-
sign evaluation, ergonomics assessment, and operator performance.
We introduce a framework for integrating VR into the design evaluation

process for next-generation utility vehicles within an immersive simula-
tion environment. The presented approach incorporates objective metrics
such as head and hand tracking and motion analysis, with subjective
questionnaire-based feedback.
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1. INTRODUCTION

The increasing complexity of smart cities demands skilled util-
ity vehicle operators, yet traditional training methods fail to
replicate real-world challenges. Current training relies on class-
room instruction and physical simulators, which lack real-time
adaptability and engagement. Smart city operations require
adaptive learning techniques for situational awareness, rapid
decision-making, and smart infrastructure interaction (Stefan,
Mortimer, & Horan, 2023). Without scenario-based training,
operators risk longer reaction times and higher accident rates.

Traditional training overlooks ergonomic challenges, lead-
ing to fatigue and inefficiencies, pointing out the need for
user-centered approaches to ergonomic design instead of ma-
chine-centered approaches (Grandi, Peruzzini, Campanella,
& Pellicciari, 2020). Devine et al. emphasize ergonomic hand
tracking to reduce strain and improve interaction accuracy
(Devine, Nicholson, Rafferty, & Herdman, 2017). VR can inte-
grate motion tracking, hand-eye coordination analysis, and
physiological monitoring to optimize training effectiveness.
VR has emerged as a powerful tool for simulation-based train-
ing, offering a safe, immersive, and cost-effective environment
for skill development (Vincenzi, Mouloua, Hancock, Pharmer,
& Ferraro, 2023). It has been widely adopted in industries such
as aviation, defense, and healthcare, demonstrating its effec-
tiveness in reducing learning curves, minimizing risk expo-
sure, and improving operator performance (Stefan, Mortimer,
& Horan, 2023; Morse, Mokhlespour Esfahani, & Krishnan,
2024). The ability to integrate real-world scenarios, motion
tracking, and biometric feedback makes VR an ideal solution
for training utility vehicle operators.

Given these challenges, this study focuses on developing
a VR-based framework for training and design evaluation in
smart city utility vehicles.

2. OVERVIEW OF TOOLS AND APPROACHES

2.1 Simulators, Visualization, and Sensors

Vehicle simulators can be categorized based on various cri-
teria, depending on the context. However, the most used
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evaluation parameter is the level of fidelity of the overall
experience (Wynne, Beanland, & Salmon, 2019; de Winter,
etal., 2009). The immersion cube is a 3D model developed by
Pfeffer et al. that classifies different levels of immersion in
VR simulations, particularly for ergonomic assessment, by
defining immersion across three sensory dimensions: visual,
auditory, and haptic (Pfeffer, et al., 2024). Each dimension
varies in its level of virtuality or reality, ranging from fully
virtual to fully real interactions. The authors further point
out the limitations of simulating real loads and recommend
hand tracking instead of controllers. The same classification
approach was chosen for the purposes of this article but fo-
cused directly on vehicle simulators. It is useful to classify
simulators according to their use of VR in the context of the
depiction of the vehicle’s cabin and surroundings. (Morra,
Lamberti, Pratticéd, La Rosa, & Montuschi, 2019)

A full simulator replicates the entire vehicle cabin, includ-
ing physical controls (steering wheel, pedals, buttons) and
large surrounding displays that create an immersive urban
environment.

A mixed-reality simulator combines real cabin controls
with augmented reality (AR). The driver interacts with physi-
cal buttons and a steering wheel while an AR headset overlays
a virtual cityscape, reducing the need for large projection
screens.

A VR-based simulator with haptic elements provides an
immersive experience where the entire scene is rendered
in VR. The user wears a VR headset, but key physical com-
ponents, such as the steering wheel, pedals, and control
buttons, remain tangible. This ensures that while the vis-
ual world is entirely digital, the operator can still feel and
manipulate real-world objects, improving training effec-
tiveness. The combination of VR immersion and physical
touchpoints helps develop realistic responses and enhances
muscle memory for real-world operations (Eswaran, Es-
waran, Eswaran, & La Rosa, 2023). The VR-based simulator
approach has further benefits, such as the possibility of
easily switching between different simulated vehicles and
compact dimensions that are more suitable for deployment
at different training locations.
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In terms of immersion of the trained machine operator, AR-
or VR-based approaches are generally better because, unlike
flat displays, they allow for the perception of scene depth,
which is critical for some types of tasks. (Morana, 2024)

In terms of the range of measured data, all types of simu-
lation are practically equal (Li, et al., 2024), because their
range is determined by additional measuring devices around
the driver - typically recording the states of the simulated
vehicle, the position of the controls, eye tracking, sensing
the position of the head, hands and the whole body.

2.2 Common Tasks and Scenes

VR-based training environments commonly mimic real-world
tasks to simulate operator posture, control layout, and workflow
efficiency. In industrial settings, simulations often involve hu-
man-machine interface (HMI) interactions, such as controlling
heavy machinery, assessing visibility constraints, or navigating
machines in specific areas. For example, studies have explored
the integration of a heads-up display (HUD) in an excavator
cabin, comparing its ergonomic impact with traditional HMIs.
These simulations help researchers understand how visual
interfaces, control layouts, and spatial constraints influence
user performance and fatigue. (Akyeampong, Nevins, Udoka,
& Carolina, 2013; Zhang, Chen, Sun, & Carolina, 2023)

To assess cognitive load and physical strain, VR scenarios
frequently incorporate decision-making and motor tasks. Us-
ers may be required to choose between different head motion
trajectories to complete a visual task or press virtual controls
under time constraints. These tasks measure reaction time,
accuracy, and muscle workload, providing insights into ergo-
nomic risks such as neck strain or repetitive motion fatigue.
By forecasting potential discomfort based on target head
positions, VR-based assessments serve as a quantitative tool
for optimizing interface design and reducing operator fatigue
in immersive environments. (Devine, Nicholson, Rafferty,
& Herdman, 2017; Grandi, Peruzzini, Zanni, Campanella,
& Pellicciari, 2018)

2.3 Evaluation Metrics

To evaluate control accessibility and ergonomic efficiency,
other studies have been using virtual hands based on wireless
controls, which are part of the VR headsets (Topcuoglu, 2018),
or experimental technologies like wearable motion capture
sensors (Anacleto Filho, Colim, Cristiano, Lopes, & Carneireo,
2024). To make VR scene interaction more immersive, hand
tracking was used to provide a realistic model of the hands.
This technology required an additional tracking sensor for
the VR headset (Grandi, Peruzzini, Campanella, & Pellicciari,
2020; Devine, Nicholson, Rafferty, & Herdman, 2017), which
was limiting tracking reliability. In our study, we used a Meta
Quest 3 headset with integrated tracking of the point fingers,
providing a sufficient overview of movement and interaction
within the VR scene.

The field of view within the VR cabin was evaluated using
digital human modeling (DHM) (Akyeampong, Nevins, Udo-
ka, & Carolina, 2013; Grandi, Peruzzini, Zanni, Campanella,
& Pellicciari, 2018; da Silva, Mendes Gomes, & Winkler, 2022).
The tracking head rotation and tilt of the VR headset in the
scene provide insights into gaze variability (Devine, Nicholson,
Rafferty, & Herdman, 2017; Artyukh, et al., 2023) and opera-
tor visibility. This approach helps determine the reachability
of control units, ensuring that operators can interact with
machine interfaces comfortably and efficiently.

3. TECHNICAL SOLUTION OF THE DEMONSTRATOR

3.1 Design of the System Solution

As theresearch into the possibilities shows, not only is there
aneed to display a good quality scene to ensure the appropri-
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ate level of immersion, but there is also a need for accurate
and fasttracking of the position of the head, hands, and sur-
roundings. The proposed system solution is illustrated in the
block diagram in Fig. 1.

Fig. 1 Block diagram of the simulator setup and data flow.

In our case, it is a complex heavy-machine operator posi-
tion that needs a variety of controls. The sensitive controls
such as steering wheels, pedals, and joysticks are better
physical, but the other elements such as Ul (user interface)
and buttons are designed as virtual ones, to provide both for
easy repositioning of the prototype layout of these elements
when exploring ergonomics and at the same time speed up
the prototyping process itself.

3.2 Specification of Hardware Used

Of the hardware elements used, the VR headset was the most
important. For pilot testing, the choice was narrowed down to
a standalone device, supporting hand tracking and with the
ability to track the environment using the inside-out method,
i.e., without the need for tracking markers in space. Due to
the complexity of the scene and the lack of computational
power, a wireless connection method to the computer was
chosen that provides sufficient performance while maintain-
ing the advantages of a standalone headset, such as the com-
fort of use. The chosen VR headset was Meta Quest 3, which
combines sufficient image quality, the ability to connect to
a PC for image rendering, reliable hand and head tracking,
and good support for software development in Unity.

The vehicle simulator platform (Fig. 2) consists of a steel
structure providing the necessary stability and allowing for
the attachment of all hardware controls, including a typified
heavy-duty vehicle seat. It is a fully adjustable steering col-
umn, pedals, and seat arm, equipped with a combination of
joysticks. Easy transfer of inputs to the main computer is made
simple by using a game steering wheel and pedals.

Fig. 2 The vehicle simulator platform visualization.

3.3 Proposed Software Design

When designing the software solution, it was most impor-
tant to achieve smooth operation for the greatest possible
immersion. The Unity game engine was used as a scenario
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development tool, which allows for the easy development
of VR scenarios and supports surrounding hand and head
position tracking.

An essential part of the test scenario was the development
oflogging software. For this purpose, a C# script was created
to track the position of the index fingertip on each hand,
as well as the position of the head. This data is recorded at
a predefined time interval.

As the first test scenario, a heavy-duty sweeper was selected,
statically positioned at a signalized intersection (Fig. 3).

Fig. 3 Sweeper cab positioned at a signalized intersection to
investigate.

3.4 Design of Experiment

To evaluate the position of the person in the VR scene, we
prepared a set of 8 tasks focused on different body parts and
expected movements. Tasks were designed as passive and
active tasks. Passive tasks required looking into a specified
area of the cabin. Active tasks required active touches and
interactions with the controls in the scene. A full list of tasks
is presented in Table 1.

Task Type Focused on
Hold the steering wheel Passive Base position
Check the rear-view mirrors Passive Horizontal tilt
Check the traffic light Passive Top view
Check the area in front of the cabin. Passive Down view
Check the distance from the right curb Passive Right side
Turn on the engine Active Top view
Move the right brush to the curb Active Right hand
Activate water jet/brushes. Active Left hand

Table 1. List of performed tasks

A detailed vehicle model was provided by compa-
ny ltoldesign. The interior of the cabin is displayed in
Fig. 4.

Fig. 4 Cabin from the operator’s point of view.
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4. ASSESSMENT EVALUATION

The main objective of this study was to analyze and visualize
the operator’s position and movement within the VR scene
during training tasks. The novelty of these results lies in the
ability to map user interactions, track ergonomic factors, and
evaluate decision-making patterns in a simulated environ-
ment while offering a deeper understanding of how operators
interact with the virtual utility vehicle interface.

The tracking path of the left hand is displayed in blue; head
position tracking is displayed in green, and right-hand tracking
is displayed in red. Task time duration in seconds is displayed
in the top part of the plot. Three key examples that best illus-
trate the issue are displayed in the following figures.

Fig. 5 shows the passive task Check the area in front of the
cabin. As expected, the greatest range of motion is observed
in head tracking, where it is evident that the person leaned
forward in the scene to investigate the specified area in front
of the cabin.

Fig. 5 Visualization of the tracking data during the task “Check
the area in front of the cabin”.

Compared to Fig. 5, Fig. 6 shows the wide range of right-
hand movement while touching controls on the top cabin panel.

Fig. 6 Visualization of the tracking data during the task “Turn on
the engine”.
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Fig. 7 shows frequent movements of the right hand during
the task Move the right brush to the curb, where the brush
controls are placed on the right armrest, and the shift of the
head position caused by the tilt of the body for a better view
outside of the cabin.

Fig. 7 Visualization of the tracking data during the task “Move the
right brush to the curb”.

5. DISCUSSION
5.1 Use of VR in Smart City Training Contexts

The integration of VR in training programs for urban utility
services presents significant opportunities for improving pre-
paredness and operational safety. Smart cities are character-
ized by dynamic infrastructure, complex traffic environments,
and high demands for service reliability and utilization of up-
to-date digital approaches such as digital twins or digitalized
urban street environments. VR simulations enable the replica-
tion of these specific urban contexts in a controlled environ-
ment, including congested intersections, narrow streets, or
unconventional traffic flows. These can be adapted to the real
areas of the particular city, focusing on the most demanding
or problematic streets and/or actions. By allowing trainees to
experience and repeatedly practice such situations without
physical risks, VR contributes to the development of more
competent and responsive operators, which is essential for
maintaining smooth operations in smart city settings.
Similar applications of immersive VR environments have
been used to evaluate human behavior in complex urban
scenarios, such as pedestrian interactions with autonomous
vehicles (Bouchner, Novotny, Orlicky, & Topol, 2024).

5.2 Practical Value and Analytical Capabilities of
the VR Approach

A key advantage of the VR-based simulator lies in its flexibility
and analytical potential. Scenes can be adapted to reflect specific
training requirements, including rare or hazardous scenarios
that would be impractical to reproduce in real life. Unlike static
simulators, the immersive VR environment allows the operator
to exit the cabin and explore the vehicle surroundings, providing
amore realistic spatial experience. The system enables detailed
monitoring of user interactions, such as the exact driving tra-
jectory, task completion time, or even quantification of cleaned
surface area during sweeping operations. These metrics offer
objective feedback on performance and progress, enhancing
the effectiveness of the training process.

5.3 Human-Centered Evaluation Through Motion Tracking

The ability to track operator movement within the VR en-
vironment supports advanced ergonomic assessment and
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iterative learning. By analyzing head and hand motion pat-
terns, it is possible to identify whether a trainee is improving
over time, e.g., reducing unnecessary motions, or whether
the cabin layout hinders their performance. The system can
also highlight situations where the operator is forced into
constrained or risky movements due to design limitations.
This approach not only supports individualized feedback
but also allows evaluators to assess whether a specific ve-
hicle design meets the operational needs of a given urban
environment.

Integrating active feedback systems, such as an electroni-
cally controlled steering wheel and brake pedal, could further
enhance the behavioral realism of the simulator (Bouchner
& Novotny, Development of Advanced Driving Simulator:
Steering Wheel and Brake Pedal Feedback, 2011). This would
allow for more accurate monitoring of driver responses to
physical control resistance and improve the evaluation of
human-machine interaction.

5.4 Study Limitations and Future Work

A key advantage of simulation-based training is the ability
to repeat specific scenarios or conduct tasks over extended
periods, allowing for the analysis of fatigue-related changes
in operator behavior. A challenge specific to virtual reality is
the relatively frequent occurrence of motion sickness in some
users, which may constrain both the duration and complex-
ity of training scenarios, particularly those involving rapid
movements.

While this study presents promising insights, it was
conducted on a small sample of participants. Future re-
search will therefore focus on repeated trials with a larger
and more diverse user group. The main goal is to develop
a clear evaluation method for analyzing user movement
in the simulation to identify improvements in maneuver-
ing, potential risk situations, or design-related limitations,
and to use this information for an objective assessment of
trainee performance.

6. CONCLUSION

In this paper, we showed our prototype of a VR training
tool for utility vehicle operators. The developed SW and
HW make up an innovative tool that takes advantage of
the latest development in combined (augmented) reality as
well as powerful PC graphics. Such a device can realistically
simulate the views and operational environment the opera-
tors are exposed to when doing their job. On the other hand,
thanks to such a setup (combined VR), the virtual models,
the scenes, and the scenarios can be changed “with one
click”, without requiring the operator to leave their seat.
This was approved with a pilot experiment described in IV
of this paper.

This study demonstrated the feasibility of tracking key
body parts, specifically head movement and fingertip posi-
tions, within a VR-based training environment for utility ve-
hicle operators. By analyzing spatial positioning, movement
patterns, and task duration, we provided valuable insights
into operator interaction in a simulated cabin environment.
The results confirmed that VR-based training enables pre-
cise motion tracking and performance assessment, offering
a foundation for future ergonomic evaluations and operator
training optimizations in smart city applications.
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