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Abstract

This paper investigates how software configuration, hardware type, user background and context of
use influence the usability of Virtual Reality (VR) systems in engineering product development. A
VR usability assessment approach that combines task-based questionnaires, the System Usability
Scale (SUS) and the NASA-TLX questionnaire was evaluated systematically across six experiments
involving students, junior engineers and senior engineers in academic and industrial settings. The
results demonstrate that user background and task context are at least as significant as the underlying
hardware or software in influencing perceived usability and acceptance. Standalone headsets achieve
higher usability scores with inexperienced users, whereas PC-based systems are still necessary for
high-precision engineering tasks. Professional engineers primarily evaluate VR in terms of workflow
integration, precision and return on investment, whereas students focus more on novelty and the
interaction experience. Based on these findings, practical design recommendations have been derived
for selecting a VR system, adapting interaction concepts, and implementing VR in product
development processes. The study highlights that VR should not be deployed as a one-size-fits-all
solution, but rather as a tool that is both context-specific and user-centered. It also demonstrates how
systematic, iterative usability evaluation can directly support the successful industrial integration of
VR technologies.

Keywords: Virtual Reality (VR); engineering product development; usability evaluation; usability of
VR systems; VR in product development; design review; ergonomic evaluation; PC-based vs.
standalone VR

1. Introduction

In recent years, Virtual Reality (VR) technology has emerged as a valuable tool in product
development processes [1]. It has shown potential in supporting various phases of the process,
including idea generation [2], design reviews [3], and digital prototyping [4]. The implementation of
new technology such as VR in industry, particularly in product development, is typically driven by
factors such as improving efficiency [5], enhancing innovation [6], and meeting sustainability goals
[7]. Before adopting such technologies, companies must carefully evaluate critical factors to ensure
that the decision aligns with their business objectives.

A key step in this adoption process is conducting a cost-benefit analysis to estimate the expected
return on investment. It is also crucial to determine where VR should be implemented, which
departments will benefit, and what form of the technology best suits the company's requirements [8],
for instance, whether VR is implemented to support ideation, design reviews or ergonomic tests. One
of the most influential factors in successful implementation is user acceptance. If users reject VR, for
instance, due to health concerns, integration becomes significantly more difficult [9]. On the other
hand, user resistance caused by factors such as lack of training [10], or skepticism about the
technology usefulness [11] can often be addressed through targeted strategies such as training plans.
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Another essential consideration is the usability of VR technology. Usability depends on several
variables, such as the software and hardware employed [12]. Moreover, variables such as the
characteristics of intended user groups and the specific circumstances of use could also influence the
evaluation and will therefore be explored in this study. Furthermore, it is essential to determine
whether a given VR system is appropriate for a particular application. For instance, standalone VR
systems, which offer greater mobility, are more appropriate for field testing and on-site validation,
whereas PC-based systems provide higher precision for complex tasks [13]. Similarly, software
requirements vary depending on the purpose such as design review or ergonomic analysis and on
the roles of the users, whether engineers, clients, or stakeholders.

This paper addresses this gap by conducting six structured usability experiments with three
distinct user groups (students, junior engineers and senior engineers) using PC-based and standalone
VR systems in academic and industrial product development scenarios. A combined usability
evaluation approach (VR-specific questionnaires, SUS, NASA-TLX) is applied to:

1. quantify the impact of software version, hardware type and user background on the usability of

VR systems in product development tasks;

2.  identify recurring usability issues and missing functions that hinder VR adoption in engineering
practice;

3. derive practical recommendations for context-specific VR implementation strategies in product
development processes.

2. State of the Art

This chapter provides an overview of the development of VR technology, the current
applications and use of this technology in product development processes, and the concept of
usability in VR systems, including how it can be evaluated.

2.1. VR technology

VR technology has evolved significantly over time, with much of this progress driven by
advances in hardware, particularly improvements in display resolution, graphics performance and
design comfort. As a result, several types of VR systems have been developed, each with distinct
characteristics and technical configurations.

Virtual Reality is defined as a computer-generated three-dimensional environment that enables
users to experience immersive interaction with virtual objects and spaces, often through specialized
interfaces such as head-mounted displays and motion-tracking systems, allowing real-time
manipulation and exploration of the virtual environment [14].

Based on this definition, three key aspects characterize VR: immersion, interaction, and
imagination. Immersion refers to the ability of users to feel present within the virtual environment
and become completely separated from the physical world. Interaction describes the ability of users
to manipulate and engage with the virtual environment through input devices and software
interfaces. Imagination refers to the cognitive ability of users to perceive and interpret virtual
elements as meaningful objects within the simulated environment.

These three aspects also distinguish VR from Augmented Reality (AR). While VR separates users
from the physical world and provides a fully immersive experience, AR overlays virtual elements
onto the real environment. In AR systems, users can perceive and interact with both physical and
digital elements simultaneously. Consequently, the reliance on imagination is reduced, as virtual
objects are directly integrated into the real-world context.

VR systems typically consist of several core components. The primary component is the head-
mounted display (HMD), which renders three-dimensional visual content to the user. In addition,
tracking systems such as sensors, cameras, or base stations are used to determine the position and
orientation of the user in space. Interaction devices, commonly handheld controllers, allow users to
manipulate objects and interact with the virtual environment.
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The development of VR headsets has primarily focused on improvements in display resolution,
field of view, refresh rate, and device weight. These factors directly influence the visual quality of the
virtual environment and contribute to a higher level of immersion and improved user comfort.

Tracking technologies in VR systems are generally categorized into two main approaches:
outside-in tracking and inside-out tracking. In outside-in tracking systems, external sensors or base
stations (often referred to as “lighthouses”) send and receive signals to and from receivers integrated
into the headset or controllers in order to determine their position and orientation. These systems
require calibration between the tracking devices and the interaction hardware before use. Outside-in
tracking is commonly employed in PC-based VR systems.

In contrast, inside-out tracking integrates the tracking components directly into the headset.
These systems typically use cameras to detect visual features in the environment, such as edges,
corners, or objects. Additionally, inertial measurement units (IMUs), which include gyroscopes and
accelerometers, measure rotational and linear movements and provide rapid motion data. By
combining visual and inertial data through Simultaneous Localization and Mapping (SLAM)
algorithms, the system continuously maps the surrounding environment and determines the
headset’s position within that map. Inside-out tracking is commonly used in standalone VR systems.

Interaction in VR environments is primarily achieved through handheld controllers. These
devices enable hand tracking, haptic feedback, and user input. Controller designs vary between
hardware providers, and more intuitive interaction devices generally contribute to a better user
experience.

VR software provides a wide range of functionalities that allow users to interact with virtual
environments. One fundamental interaction method is navigation, which enables users to move
through the virtual space without physically walking long distances. This is commonly implemented
through teleportation mechanisms controlled via the VR controllers.

Additional functionalities vary depending on the software provider and the application domain.
In engineering-focused applications, functions such as measurement tools, section views, component
assembly and disassembly, and object manipulation are particularly important. In contrast,
entertainment-focused applications emphasize gameplay mechanics, interaction with virtual objects,
and exploration of virtual environments. Consequently, each application domain requires a specific
set of VR functionalities tailored to its objectives.

The two VR system types of particular relevance to this study are PC-based VR systems and
standalone VR systems. PC-based VR systems include head-mounted displays such as the HTC Vive
or Oculus Rift. These systems require external hardware, including a high-performance computer
and tracking devices. After the hardware components are installed and calibrated with the software,
users must remain within the designated tracking area. Relocating the system typically requires a
new setup and calibration process.

The second type is standalone VR headsets, such as the Meta Quest series. In these systems, all
tracking components and processing capabilities are integrated into the headset itself. This eliminates
the need for external hardware and enables greater portability and ease of use, as the system can be
deployed without complex installation procedures.

Both systems are commonly implemented in product development, depending on the
development tasks and the objectives that need to be achieved.

2.2. VR in the Product Development Process

In the product development process, VR is implemented selectively and supports certain phases
more effectively than others. For instance, during the idea generation phase, VR assists designers by
enabling them to visualize and represent their concepts. At this stage, designers are able to sketch or
model ideas in three-dimensional form. However, certain inefficiencies remain, such as limited
measurement precision [2].

Another key area where VR is applied is the design review phase. Engineers are expected to use
VR to collaboratively examine and evaluate a design in an immersive environment. This provides a
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near-realistic representation of the product, which is particularly beneficial for distributed teams and
for reviews involving both engineers and stakeholders. Such immersive reviews help verify design
intent and ensure that requirements are addressed early in the development cycle.

VR is also valuable in the field of ergonomic evaluation. Instead of building costly and time-
consuming physical prototypes [15], digital prototypes in VR allow teams to assess aspects such as
reachability, accessibility, and visibility [16]. While VR currently supports only a limited range of
ergonomic factors, it remains a useful tool for envisioning how a product will be experienced and
interacted with by users [17].

While VR offers clear benefits across multiple phases of the product development process, its
actual implementation depends on a range of organizational, technological, and environmental
considerations that shape adoption decisions [18].

One important determinant in implementation decisions is financial considerations [19]. Beyond
the potential added value of VR, organizations are required to evaluate the direct costs of acquisition,
implementation, and personnel training against the expected return on investment (ROI) within a
strategic or tactical timeframe [20]. The balance between costs and anticipated profitability often
determines whether VR integration proceeds.

Another factor frequently discussed in the literature is company size. Some studies suggest that
large enterprises are more inclined to adopt innovative technologies [21] because they possess greater
resource availability and a stronger capacity to absorb risks associated with failure such as
unsuccessful implementation or low ROI [22]. Conversely, other opinions highlight the advantages
of medium-sized enterprises, which often demonstrate higher organizational agility and greater
flexibility in restructuring processes and training personnel [22]. Small enterprises tend to benefit
from relatively straightforward adaptation processes, but the financial risks associated with failed
adoption are often disproportionately high [23].

Closely related to organizational size is management orientation. Leadership awareness such as
openness to innovation plays a decisive role in adoption decisions. The environmental consciousness
and digital expertise of leadership influence decisions regarding the adoption of new technologies
[24] .

In addition, competitive pressures from both industry rivals and customers act as important
external drivers of adoption. Market trends, regulatory requirements (e.g., safety standards), and
consumers’ expectations for higher quality or advanced features often accelerate technology
integration.

One of the critical factors influencing the integration of VR as a new technology in the product
development process is user acceptance. Drawing on the Technology Acceptance Model (TAM) from
[25], user acceptance is primarily shaped by two constructs: perceived usefulness and perceived ease
of use. Users must believe that VR contributes meaningful value to their tasks and that its use does
not impose an additional cognitive or operational burden.

Ease of use is enhanced through targeted training, while perceived usefulness is strongly
influenced by the system’s overall usability. Perceived usefulness refers to the extent to which users
believe that a technology improves their performance, for example by reducing effort or increasing
efficiency. Thus, achieving a high level of usability is essential to ensure strong perceptions of
usefulness, which in turn supports the adoption process [26].

2.3. Usability of VR Systems

Usability refers to how effectively and efficiently users are able to accomplish their tasks using
a system. According to the ISO 9241 standard, usability is defined as “the extent to which a system,
product, or service can be used by specified users to achieve specified goals effectively, efficiently,
and satisfactorily in a specified context of use.”

While several usability evaluation methods exist, such as ISO 9241, System Usability Scale (SUS),
and NASA Task Load Index (NASA-TLX), none of them are specifically designed for evaluating the
usability of VR systems.
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e ISO 9241 is a set of international standards that provides guidelines for the usability and
ergonomics of human—system interaction, including software and hardware user interfaces.

e NASA-TLX (Task Load Index) is an assessment tool developed by NASA to measure perceived
workload across different tasks.

e The System Usability Scale (SUS) is a questionnaire-based tool used to evaluate the usability of
a wide range of products and systems, including software, websites, mobile applications, and
hardware devices. It consists of ten statements that users rate on a Likert scale.

To address this gap, a long-term project was conducted to develop a suitable evaluation
approach for assessing the usability of VR systems. This approach is presented in [26]. The
methodology integrates elements from established usability evaluation standards and employs a
tailored questionnaire divided into two categories. The first category is an inspection-based
questionnaire designed for participants who observed the VR system without direct interaction. The
second category is an empirical questionnaire intended for participants who actively engaged with
and operated the system in a practical context.

The usability results are presented across seven dimensions that characterize the usability of a
VR system (Figure 1): task appropriateness, expectation conformity, error tolerance, learnability, self-
descriptiveness, controllability, and user commitment. Each dimension consists of several questions
from two categories (inspection, empirical) that can be answered with either “yes” or “no.” This
structure facilitates the calculation of the proportion of “yes” and “no” responses provided by all
participants. Based on these responses, the usability proportion for each dimension can be
determined. Finally, the overall usability degree is calculated by averaging the results across all seven
dimensions.

task appropriateness
100

user commitment expectation conformity

controllability error tolerance

self-descriptiveness learnability

Figure 1. The seven dimensions of usability.

In addition, the evaluation approach incorporates two standardized assessment tools. First, the
NASA Task Load Index (NASA-TLX) is used to measure the subjective workload and stress
experienced by participants while performing specific tasks. Second, the System Usability Scale (SUS)
is applied to assess the usability of the system by asking participants to rate a set of statements on a
five-point Likert scale ranging from 1 (strongly disagree) to 5 (strongly agree). The SUS evaluates
several aspects of the user experience, including perceived usefulness, complexity, ease of use, the
need for support, feature integration, learnability, and operational comfort.

The evaluation methods, processes, and resulting metrics used in this study are summarized in
Table 1.
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Table 1. The combined method used to derive the usability results.

Method Process Results
Survey calculation (empirical,

Survey . . Seven dimensions of usability
inspection)
Usability dimensions Average calculation Overall usability degree
NASA TLX Responses review Workload index
SUS Score calculation System usability score

Another essential factor in evaluating the usability of a system is the number of participants
involved in testing. This number directly influences the problem discovery rate, i.e., the proportion
of usability issues identified during the evaluation process.

Increasing the number of participants generally increases the number of problems discovered.
However, the return on investment (ROI) of usability testing depends on balancing the number of
participants and test iterations, since additional participants yield diminishing returns while
consuming unnecessary resources and effort [27].

The proportion of discovered problems is estimated using the following model from [28]:

P=1-(1-p)" @

Where:

P = proportion of problems discovered,

p = probability of discovering a single problem (problem discovery rate),

n =number of participants.

The problem discovery rate (p) is calculated as:

__ Number of unique problems detected by one participant

p = @)

Total number of problems identified by all participants

When the required proportion of discovered problems (P) is predetermined, the equation (1) can be
rearranged to estimate the necessary number of participants:
_ Ina-p)
~ In(1-p)

@)

This formulation enables usability practitioners to determine the number of participants
required to achieve a desired problem discovery rate. Conversely, for a specific number of
participants, it allows estimation of the proportion of usability issues likely to be identified. The
unknown parameter p can be determined through several approaches.

The first approach involves using an empirically derived value for p based on prior studies, such
as [29], which found that the average probability of discovering a given usability problem during
testing is approximately 0.31, the value denoted in their study by the symbol A.

Another approach is to obtain the value p from a pilot testing. In this way, an initial usability
test is conducted with a small group of participants (e.g., three to five), and all unique problems
identified are recorded. The average number of unique problems discovered per participant is then
divided by the total number of problems to estimate p. For example, if the participants collectively
identify 20 distinct problems, and each participant discovers an average of four unique issues, then
p = 4/20 = 0.20. This method is particularly useful for minimizing testing effort and for tailoring
usability evaluations to specific participant groups. In such cases, practitioners typically conduct only
two rounds of testing: a pilot test followed by a final test.

3. Methodology and Experiment Setup

In this section, six experiments were conducted to evaluate the usability of the VR system using
the evaluation framework originally introduced in [30]. It specifies a five-step procedure for
conducting VR usability tests in product development contexts:
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1.  First, the objective of the experiment and the tasks to be performed must be defined, such as
conducting ergonomic evaluations or design reviews.

2. Second, the designated circumstances for the target group must be specified. In this step, the
characteristics of the participants are defined according to factors such as level of experience,
age, gender, familiarity with digital tools, professional background, number of participants, test
location, and the hardware used.

3. Third, the specific circumstances of the actual test participants are recorded. These are later
compared with the predefined target conditions in order to identify and quantify any deviations.

4. TFourth, the usability test is executed. During this phase, inspectors complete the inspection
questionnaire, while the immersed participants complete the empirical questionnaire.

5. Finally, the responses of the participants are evaluated by analyzing the seven usability factors
together with the results of the TLX and the SUS.

Across the six experiments, several common experimental conditions were maintained. A single VR
software application was used throughout the project; however, it was continuously improved
through a series of updated versions, with each updated version being implemented and evaluated
in a subsequent experiment.

Two types of hardware were used in the experiments: a standalone headset (H1) and a PC-based
headset (H2). The experiments also involved three different user groups:
e Ul: bachelor’s students in mechanical engineering without practical experience.
e U2:junior engineers with early industry experience.
e U3: senior engineers from an industrial development team.

The tasks performed in the experiments involved testing various VR application scenarios, such as
ergonomic evaluations and design reviews. Each experiment aimed to optimize a specific phase or
task within the product development process through the use of VR. Furthermore, the proportion of
discovered usability problems in each experiment was calculated using Equation (1), which estimates
the number of problems P identified by the participating users, assuming a detection probability of
p=0.31.

3.1. Experiments

In this section, each experiment and its setup are reviewed in order to clarify the respective
objectives and the tested scenarios. Furthermore, the section explains how these objectives are
achieved through planned tasks derived from product development activities and executed within
the VR environment.

Experiment I

The objective of this experiment was to conduct a design review of a timekeeper, a cyber-
physical device used for measuring disruption times, with dimensions of 10 cm x 10 cm (Figure 2).
The purpose of the design review was to verify the design accuracy, support quality assurance, and
improve traceability for future development iterations within the product development process.

To achieve this objective, participants performed several review tasks in the virtual
environment. These tasks included dimensional measurements, geometric validation, assessment of
surface characteristics and side counts, and systematic documentation of identified findings using a
digital checklist workflow integrated into the VR system.

The experiment was conducted using the developed first version of the VR software and
involved 23 participants divided into two groups based on the hardware configuration used. One
group performed the experiment using a standalone VR headset (H1), while the second group used
a PC-connected VR headset (H2). This setup allowed the evaluation of the system across different
hardware platforms and interaction conditions.

Before starting the experiment, participants received a short introduction to the VR system and
its interaction methods. They were then given a brief familiarization phase to practice navigation and
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object interaction in the virtual environment. After this introduction, participants performed the
assigned design review tasks individually.

During the experiment, participants used the VR system to inspect the virtual model of the
timekeeper and identify potential design issues according to the defined checklist. The identified
problems were recorded and later analyzed to determine the number of usability or design-related
issues detected by the participants.

(a) (b)

Figure 2. Timekeeper: (a) virtual representation (interior view); (b) physical device (exterior view).

Experiment II

The objective of this experiment was to evaluate the ergonomic and functional design of a train
interior (Figure 3) using VR system. The primary goal of the design review was to identify potential
improvements related to passenger comfort, accessibility, and spatial efficiency in future train cabin
configurations.

To achieve this objective, participants interacted with a virtual model of the train interior and
performed several evaluation tasks designed to simulate typical passenger activities and spatial
interactions. The evaluation focused on key aspects of interior usability, including passenger comfort
and available movement space, compatibility of storage areas with passengers’ personal belongings,
clarity of user orientation within the cabin, aesthetic perception of the environment, as well as safety
and accessibility during passenger movement.

The experiment was conducted using an updated version of the VR software application, in
which the usability issues identified during experiment I had been addressed and corrected. The
improved software version aimed to enhance interaction efficiency, navigation stability, and
measurement accuracy. The VR environment was operated using the PC-based headset (H2).

A total of 10 participants took part in the experiment. All participants were bachelor’s students
enrolled in the Ergonomics and Industrial Design course, representing users with theoretical
knowledge of ergonomic principles but limited professional experience.

Before starting the experiment, participants received a short introduction to the VR system and
were given time to familiarize themselves with the navigation and interaction methods. After this
familiarization phase, each participant individually explored the virtual train interior and performed
the assigned evaluation tasks.

During the session, participants inspected the spatial configuration of the interior, assessed
comfort and movement possibilities, and identified potential design limitations. Observations and
identified issues were documented using the integrated digital checklist system within the VR
environment. The collected data were later analyzed to evaluate the usability of the VR-based
ergonomic assessment approach.
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Figure 3. Evaluation of the ergonomic and functional design of a train interior.

Experiment III

The objective of this experiment was to conduct a collaborative design review of a cutting
machine (Figure 4) using the multi-user functionality of the developed VR system. The purpose of
this test was to evaluate how effectively development teams could perform design review within
separated teams.

The review session was conducted as an online multi-user VR meeting, where several
participants were connected simultaneously to the same virtual session. This setup allowed
participants to collaboratively inspect the machine model, discuss design aspects in real time, and
identify potential design improvements.

The evaluation focused on several important aspects related to the machine’s operational and
ergonomic performance. These included the analysis of material flow and operator ergonomics, the
inspection of safety mechanisms and guarding elements, the accessibility of maintenance
components, and the evaluation of loading and operational procedures during machine use.

The experiment utilized a further updated version of the VR software, building upon the
improvements implemented in experiment II. This version additionally incorporated multi-user
communication and synchronized interaction features, enabling real-time collaboration between
participants. The system was operated using the PC-based headset (H2).

A total of five participants took part in the experiment. All participants were engineers from a
product development team in a company specializing in freezer-cutting machines. Their professional
background provided practical industry experience relevant to machine design, safety evaluation,
and production processes.

Before the collaborative review began, participants received a short briefing on the VR system
and the multi-user interaction features. Once connected to the virtual environment, participants
explored the cutting machine model, discussed design elements, and identified potential issues
related to ergonomics, safety, and operational efficiency.

Throughout the session, identified findings were documented and later analyzed to assess the
effectiveness of the VR-based collaborative design review process within an industrial development
context.
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Figure 4. Example of a representative cutting machine as used in the design review [31].

Experiment IV

The objective of this experiment was to evaluate the routing of cables on the roof of a regional
train using the developed VR system. The purpose of this assessment was to analyze the cable layout
and identify potential spatial limitations while ensuring compliance with technical requirements
such as minimum bending radii and safe separation distances between cables and surrounding
components.

To achieve this objective, participants interacted with a virtual model of the train roof assembly
containing the cable routing configuration. The evaluation focused on several key aspects of the
installation and maintenance process. These included verifying that the cables could be installed
smoothly without physical obstructions, confirming that assembly and maintenance procedures
could be performed practically, preventing overcrowding within the cable routing paths, and
ensuring compliance with relevant safety and technical standards.

The experiment was conducted using a developed version of the VR software, which
incorporated additional improvements based on feedback and observations from the previous
experiments. These improvements primarily focused on enhancing interaction stability, learnability,
and the visualization of complex assemblies. The VR environment was operated using the PC-based
headset (H2).

A total of five participants took part in the experiment. All participants were engineers from a
product development team in a company operating in the railway industry, providing practical
experience in train system design and technical installation processes.

Before starting the experiment, participants received a brief introduction to the VR system.
However, they did not engage in any prior practice interaction because the available time for the
employees was insufficient. After the introduction, participants individually inspected the cable
routing configuration within the virtual environment. During the inspection, they assessed spatial
feasibility, installation accessibility, and potential design issues related to safety and maintenance.
Identified findings were documented and later analyzed to evaluate the effectiveness of the VR-based
cable routing assessment approach.

Experiment V

The objective of this experiment was to investigate how VR tools can support and enhance
design evaluation processes, particularly for assessing ergonomic and spatial characteristics of a train
interior (Figure 5). The objective was to determine how effectively VR could be used to identify design
issues related to accessibility, passenger interaction, and spatial configuration.

Participants interacted with a detailed virtual representation of the train interior and performed
several evaluation tasks designed to simulate realistic user interactions within the cabin environment.
The evaluation focused on multiple aspects of the design, including the visual inspection of internal
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components and their accessibility, passenger movement and safety considerations, accurate
dimensional analysis of the interior space, inspection of internal structural elements, and assessment
of storage requirements and passenger behavior patterns.

The experiment utilized a modified version of the VR software developed in the previous
experiment, incorporating additional improvements to visualization and interaction functions.
Unlike the previous experiments, the system was operated using a standalone VR headset (H1),
enabling a more flexible and portable VR setup.

A total of 40 participants took part in the study. The participants were junior engineers with
limited industry experience, yet they possessed a solid background and familiarity with engineering
design concepts.

Before starting the experiment, participants received a short introduction to the VR system and
were allowed time to familiarize themselves with the navigation and interaction mechanisms. After
this training phase, each participant individually explored the virtual train interior and completed
the assigned evaluation tasks.

During the experiment, participants inspected the design from different viewpoints, assessed
ergonomic aspects of the interior layout, and identified potential design improvements. Observations
and identified issues were recorded using the integrated documentation tools of the VR system.

Figure 5: Evaluation of the ergonomic and spatial characteristics of a train interior.

Experiment VI

The objective of this experiment was similar to that of experiment V, focusing on the evaluation
of ergonomic and spatial aspects of a train interior using the VR system (Figure 6). However, in this
case the tasks were designed to be more complex and rigorous, providing a deeper assessment of the
participants’ ability to identify design issues within the virtual environment.

Participants were required to perform the same evaluation activities as in the previous
experiment, including visual inspection of internal components, assessment of passenger movement
and safety, dimensional analysis, structural inspection, and evaluation of storage requirements. The
increased level of difficulty resulted from the fact that the experiment was conducted as part of a
graded academic course requirement, requiring participants to perform a more detailed and
systematic evaluation.

The experiment was conducted using a new version of the VR software, which incorporated
additional refinements to improve usability and interaction performance. The system was again
operated using the standalone VR headset (H1).

A total of ten participants took part in the experiment. The participants were bachelor’s students
enrolled in the Ergonomics and Industrial Design course, representing users with foundational
knowledge of ergonomic analysis and product evaluation.

Before beginning the evaluation tasks, participants received an introduction to the VR system
and completed a short familiarization session. They then individually performed the assigned tasks
within the virtual train interior model.
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During the experiment, participants analyzed the design in detail and documented any detected
issues related to ergonomics, accessibility, spatial arrangement, or structural design.

Figure 6. Evaluation of ergonomic and spatial aspects of a train interior using the VR system.

An overview of the experiments, the tested scenarios, and the objectives of the evaluations is
presented in Table 2.

Table 2. Overview of the application scenarios and evaluation tasks across all experiments.

Experiment Application Scenario Main Evaluation Focus
I Design review of a Timekeeper Dimensional measurement, geometric validation,
device surface characteristics, documentation workflow
I Ergonomic evaluation of a train Passenger comfort, storage compatibility, orientation
interior and aesthetics, safety and accessibility
I Multi-user design review of a Material flow, ergonomics, safety mechanisms,
cutting machine maintenance accessibility, operational procedures
v Cable routing evaluation on the Cable layout feasibility, bending radii, safety
roof of a regional train distances, installation and maintenance procedures
Component accessibility, passenger movement,
\Y Ergonomic and spatial dimensional analysis, structural inspection, storage
evaluation of a train interior behavior
VI Advanced ergonomic and spatial ~ Same evaluation aspects as experiment V with
evaluation of a train interior increased task complexity and graded assessment

4. Analysis of the Participants” Responses

In this section, all experiments and their results are analyzed and discussed in detail. The
objective of this section is to understand how each usability factor affects the overall acceptance of
the system. In this analysis, the usability factors are the usability dimensions, SUS and TLX.

Experiment I

The first experiment investigated the usability of the VR system in a cross-cultural context,
involving junior Engineers from two countries. The objective of this evaluation is to examine how
cultural differences between teams influence the usability of the VR system for both inspectors and
actively involved users. A total of 23 engineers participated in the usability test, conducted in
collaboration with Ostfalia University of Applied Sciences (Germany) and Tshwane University of
Technology (South Africa).

The overall usability average across both groups was 51.7%, with a notably low score in the
learnability dimension, indicating challenges in system understanding. The SUS scores were
comparable between universities, averaging 3.17 and 3.05, suggesting a consistent perception of
usability across cultural groups. These findings indicate that, although the system was generally
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usable, users experienced difficulties in quickly understanding and learning how to interact with the
software effectively.

During the inspection, both participant groups provided largely consistent responses, indicating
a high degree of objectivity in the evaluation process. The analysis confirmed that the VR system
provided the core functionalities required to perform the assigned design review task, including
object grouping, model scaling for inspection, and the selection of individual components within the
virtual environment.

Despite this, the inspection phase also revealed several limitations. Specifically, the lack of
supporting features such as error feedback and instructions to fix these errors. These missing
elements were recognized as potential areas to be improved.

In contrast to the inspection results, the empirical survey revealed noticeable differences
between the two participant groups. User responses showed variations in user interactions,
particularly regarding the tasks completeness. While participants from one group generally
considered the available functions sufficient for the assigned tasks, participants from the other group
indicated the need for additional features. These differences may be partially attributed to variations
in prior experience with VR technologies, which in turns influence user expectations and evaluation
criteria.

The TLX results further highlighted differences in user opinions, particularly with regard to
generally satisfaction. While some participants reported satisfaction with their performance, others
expressed lower levels of satisfaction through challenges in system interaction.

In summary, the results of experiment I indicate that the used VR system provides the essential
functionality required for design review tasks and is generally perceived as usable across different
cultural contexts. However, limitations related to system learnability, task appropriateness, and self-
description of the software were identified. These findings highlight the need for improvements in
interface design and user support mechanisms to enhance usability and ensure a more consistent
user experience across various user groups.

Experiment II

The second usability experiment focused on how users interacted with the VR system during
their first encounter with a set of predefined, product-related tasks. The main aim was to examine
the initial user experience, with particular emphasis on usability, interaction behavior, and perceived
workload, rather than on task efficiency or complete functional performance. The study involved
students enrolled in an ergonomics course, who completed structured tasks in a virtual train model.
These tasks included object inspection, taking measurements, navigating the environment, and using
basic interaction functions.

Overall, the usability evaluation indicated a higher level of usability than in the first experiment
with an average score of 62.3%. The SUS resulted in a mean value of 3.18 on a five point scale,
suggesting a generally acceptable usability perception among participants. While users were able to
complete the assigned tasks successfully, several usability aspects revealed opportunities for
improvement, particularly regarding system learnability and the clarity of certain interaction
mechanisms. Analysis of the responses showed that several core interaction functions were clearly
recognized by the participants. Object selection and manipulation were identified as available and
simple, suggesting that the software supports interaction tasks required. In addition, the system
response was perceived positively, as users experienced immediate feedback following their actions.
However, other functional aspects revealed noticeable uncertainty among users. Features, such as
error handling or object grouping, were not clearly recognized by many participants, and a number
of users reported difficulties in evaluating these features. This suggests that such features were either
not sufficiently visible within the interface or were not required during the assigned tasks. Similarly,
system status information, such as battery status, was not noticed, indicating limitations in interface
transparency.

The evaluation of usability dimensions based on established principles revealed mixed results
across all categories. Task suitability was generally perceived positively, particularly with regard to
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the availability of relevant functions for completing the as-signed tasks. However, supporting
elements such as error messages or contextual help were considered less effective, indicating a need
for improved user guidance during task execution. In terms of expectation conformity, the interface
design was largely perceived as unintuitive. Menu structures and visual elements did not align with
user expectations, and several graphical representations were difficult to understand. Learnability
emerged as one of the weaker aspects of the system. Many participants experienced difficulties
identifying features related to system guidance, or preview functions. Visual orientation within the
interface was not consistently clear, indicating that first-time users may require additional
instructional support or guided interaction mechanisms. Similarly, error tolerance and system
controllability were not clearly perceived by users. Functions such as “‘undo’ or alternative input
methods were not widely recognized, suggesting that these features were either insufficiently
communicated or not encountered during the experimental tasks. Despite these limitations, several
usability aspects received positive feedback. The system was generally perceived as self-descriptive,
with users reporting a clear sense of control during interaction and an adequate understanding of
icons. Furthermore, user engagement was notably high, as participants expressed a positive initial
impression of the software. The results of the NASA TLX indicated a manageable level of workload
during task execution. Participants described the tasks as moderately demanding, primarily due to
the novelty of the VR environment and unfamiliar interaction techniques. Physical workload was
perceived as low, and time pressure was considered appropriate for the experimental setup.
Emotional responses varied, with some users reporting satisfaction and a sense of accomplishment,
while others experienced temporary uncertainty, particularly when interacting with unfamiliar
system features.

In summary, the results of experiment II indicate that the VR system provides a generally
positive first user experience with moderate usability and manageable workload. Core interaction
functions performed effectively and supported task completion. However, several usability aspects,
including learnability, expectation conformity, and error tolerance, require further optimization to
improve overall usability and reduce uncertainty for users with limited practical experience.

Experiment III

The third experiment investigated the usability of the VR system within a real industrial context,
focusing on a multi-user design review of a cutting machine. The evaluation was conducted with
experienced engineers and emphasized collaborative interaction, technical inspection, and
ergonomic assessment like reachability aspect within a virtual environment. The targeted outcomes
of this experiment focus on evaluating the usability of the VR system from the perspectives of only
active users.

Opverall, the findings suggest that the VR system is generally usable with 50.3% and accepted in
a design review, although several usability limitations remain. The SUS results indicate a moderate
usability score 2.77. The system was perceived as relatively simple to operate, with users indicating
that most functions could be learned quickly. At the same time, the willingness to use the system
regularly was rated higher, suggesting that further improvements are required to achieve long-term
adoption.

The empirical evaluation identified several missing or insufficiently implemented features,
particularly in the areas of learnability and error tolerance. Key shortcomings included the absence
of flexible error message handling, lack of visible system status indicators (e.g., controller status),
missing diagnostic tools, and the absence of ‘undo’ functionality. In addition, the system did not
provide clear previews of actions or sufficient visual cues to indicate menu hierarchy levels. These
limitations negatively affect the transparency of the system and increase the cognitive effort required
for task execution.

The empirical questionnaire results were limited due to the small number of valid responses. As
a result, no comprehensive quantitative conclusions could be drawn for most usability dimensions.
However, a positive tendency in self-descriptiveness and user engagement was observed, indicating
that participants recognized the potential value of the VR system for collaborative engineering tasks.
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In addition, the CEO of the company stated clearly that they are planning to implement VR in their
design-review process with clients, because it provides more clarity and allows clients to familiarize
themselves with the machine, especially those who may not be able to understand CAD designs.

The NASA TLX results indicate that the perceived workload during task execution was
generally low to moderate. Task complexity was rated between simple and moderately complex,
primarily due to limited prior experience with VR systems and insufficient preparation. Physical
workload was perceived as low, confirming that interaction with the VR system did not impose
significant physical strain. Time pressure was not considered an issue by any participant, with the
task pace described as appropriate or even slow.

User satisfaction and perceived performance varied among participants. While some users
reported that tasks were easy and understandable, one participant found them more challenging and
indicated that their performance could be improved with additional training. Overall effort was rated
as low, although one participant reported difficulty in reaching their desired performance level.
Emotional responses were mostly positive, with participants generally feeling relaxed; however,
minor stress and frustration were reported in relation to technical issues such as audio
communication problems and occasional system instability during the multi-user session.

Despite these limitations, participants demonstrated active engagement with the VR system and
were able to complete the assigned collaborative tasks. The multi-user functionality enabled effective
communication and joint inspection of the virtual model, highlighting the potential of VR for
distributed design reviews. At the same time, the identified usability issues such as system feedback,
learnability, and technical reliability, indicate that further refinement is necessary to ensure consistent
performance in professional environments.

In summary, experiment III demonstrates that the VR system is functionally applicable and
positively perceived in an industrial multi-user design review scenario. However, improvements in
system robustness, user guidance, and feature transparency are required to enhance usability. These
aspects will be taken into account in the next version of the software.

Experiment IV

The fourth experiment evaluated the application of the VR system within another real industrial
design review scenario, focusing on the analysis of cable routing on the roof of a regional train. The
objective of this evaluation was to assess system usability in a professional engineering context, with
special focus on interaction quality, task support, and user acceptance in comparison to traditionally
CAD software. The targeted outcomes of this evaluation involve a detailed analysis of the seven
usability dimensions, as the experiment was conducted with an experienced industrial team.

Opverall, the results indicate a moderate level of usability, with an assessed usability score of
54.5%. The SUS yielded a value of 2.9 on a five point scale, reflecting a rather critical perception of
the system among professional users. Although participants were able to complete the assigned tasks,
the results highlight several usability limitations that negatively affected efficiency, intuitiveness, and
overall acceptance.

From a functional perspective, the system demonstrated strong capabilities in visualization and
object interaction. However, ideal precision was not achievable with the available headset at the time.
The participants were development engineers who conducted a design review in VR, following their
usual review practices. Their feedback was strongly influenced by comparisons between VR and the
CAD software they typically used. Many participants initially resisted the VR technology, citing the
need for additional training before adoption. One notable comment from the team leader was:

“If I have to invest more money and time to prepare the workforce and adapt the process to
implement a new software that only supports one phase of the process, while I can already perform
all tasks with the current software, then I do not need it.”

Participants evaluated system responsiveness and the ability to manipulate and inspect complex
geometries within the virtual environment negatively. Users reported insufficient flexibility in object
selection and difficulties related to controller input, which reduced interaction efficiency.
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The analysis of responses revealed deficiencies in system self-descriptiveness. While basic
feedback mechanisms were present, important system states such as controller status or active
interaction modes, were not continuously visible. This lack of transparency led to uncertainty during
task execution, particularly when switching between different tools or interaction modes. In addition,
inconsistencies in interaction logic were identified, as users were required to manually deactivate
functions before activating new ones, which does not align with typical user expectations.

Evaluation of usability dimensions showed a mixed performance across categories. Task
suitability was generally rated as adequate, as the system provided the core functions required for
the design review tasks. However, the lack of supporting features, such as advanced measurement
tools and precise representation of cable radii, limited the effectiveness of the system for detailed
engineering analysis. This technical limitation had a direct negative impact on user trust and
perceived reliability of the VR model.

Expectation conformity was only partially fulfilled. While some interface elements, such as
menu structures and visual design, were considered understandable, the overall interaction concept
was perceived as non-intuitive. Participants indicated that additional training would be required
before the system could be effectively integrated into existing workflows.

The learnability of the system was identified as a critical weakness. Although some visual cues,
such as color coding and icons, supported user orientation, these were not sufficiently clear or
consistent. The absence of preview functions and limited guidance mechanisms made it difficult for
users to anticipate the outcome of actions, increasing cognitive effort during task execution.

Similarly, error tolerance and controllability were limited. The system lacked essential features
such as undo functionality and diagnostic feedback, restricting users’ ability to recover from
mistakes. While most participants were eventually able to perform the required interactions, the
process was often inefficient and required additional effort.

User satisfaction results reflect these usability challenges. While participants acknowledged the
high potential of VR for immersive visualization and collaborative design reviews, they also
emphasized that the system is currently less efficient than conventional CAD tools. Resistance to
adoption was observed, particularly from a managerial perspective, where the additional effort
required for training and process integration was perceived as a barrier.

The NASA TLX results indicate a moderate workload. Physical demand was generally low,
confirming that VR interaction does not impose significant physical strain. However, cognitive load
and frustration levels were elevated in some cases, mainly due to interaction difficulties and system
limitations. Time pressure was not considered a significant issue.

In summary, the results of experiment IV demonstrate that the VR system offers strong
advantages in terms of visualization and spatial understanding, particularly for large and complex
models. However, limitations in usability, interaction design, and technical accuracy significantly
affect user efficiency and acceptance in a professional engineering context. To enable successful
integration into industrial workflows, improvements are required in system intuitiveness, feature
completeness, and reliability, as well as in reducing the gap between VR and established CAD-based
processes.

Experiment V

The fifth experiment aimed to evaluate the VR system in a broader and more diverse user
context, with a particular focus on identifying missing functionalities and collecting user-driven
recommendations for improving the system. Due to the relatively large number of participants and
their varied professional backgrounds across different engineering domains, this experiment
emphasized qualitative insights into user needs alongside the assessment of usability across seven
dimensions.

A total of 40 participants, junior engineers with practical experience in various industrial
departments, took part in the evaluation. This heterogeneous background enabled a comprehensive
assessment of the system from multiple professional perspectives, particularly regarding its
applicability in real-world engineering tasks.
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Overall, the usability evaluation yielded a score of 68.7%, representing the highest usability
rating among all conducted experiments. The SUS resulted in a mean value of 3.0 on a five-point
scale, indicating a generally positive perception of the system. Participants were able to complete the
assigned tasks effectively, and the system demonstrated improved performance compared to earlier
versions. Nevertheless, the primary outcome of this experiment lies in the identification of missing
features and improvement potential.

A key result of this study is the identification of 18 missing functions required by users to
effectively perform their tasks. These functions were derived from participants” direct interaction
with the system and reflect practical requirements from different engineering domains. In addition,
participants proposed 23 recommendations aimed at improving system usability, functionality, and
integration into existing workflows. The feedback was notably detailed and critical, reflecting the
participants’ technical background and professional experience.

Analysis of the usability dimensions revealed a generally positive performance across most
categories. In terms of task suitability, participants confirmed that the system provides the core
functionalities required for design evaluation and spatial analysis. However, the absence of several
advanced features limited the completeness and efficiency of task execution.

Regarding self-descriptiveness, the system was perceived as understandable, with users
generally able to interpret system behavior and interaction outcomes. Nevertheless, some
participants indicated that additional guidance and clearer system feedback would further improve
usability, particularly for more complex tasks.

The expectation conformity dimension was evaluated positively overall. Interface elements,
such as menus and visual structures, were largely consistent with user expectations. However, certain
interaction mechanisms still deviated from conventional engineering software workflows, requiring
adaptation by the users.

In terms of learnability, the system showed noticeable improvement compared to earlier
experiments. Participants were generally able to familiarize themselves with the system within a
short period. However, given the complexity of some tasks, additional onboarding support and
training features were still considered beneficial.

The evaluation of controllability indicated that users were able to interact with the system and
perform the required operations successfully. Interaction with objects and navigation within the
virtual environment were generally perceived as manageable, although some users reported minor
inefficiencies in control precision.

The error tolerance dimension remained an area with improvement potential. Participants noted
the absence of certain features, such as undo functions and error handling mechanisms, which are
essential for efficient and confident task execution in professional environments.

Finally, user engagement was rated highly. Participants expressed strong interest in the VR
system and recognized its potential for supporting engineering tasks, particularly in visualization
and interdisciplinary collaboration. The immersive nature of the system contributed positively to
user motivation and acceptance.

The TLX results further support these findings, indicating low perceived workload across
cognitive, physical, and temporal dimensions. Participants reported high levels of satisfaction and
relatively low effort during task execution, suggesting that the system provides a comfortable and
efficient interaction environment despite existing limitations.

In summary, the results of experiment V demonstrate that the VR system achieves a high level
of usability and user acceptance in a diverse engineering context. The large and varied participant
group enabled the identification of a substantial number of missing functions and practical
improvement recommendations, which are critical for further system development. While the system
performs well across most usability dimensions, targeted enhancements particularly in feature
completeness and error tolerance are necessary to fully support professional engineering workflows.

Experiment VI
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The sixth experiment investigates the usability of the VR system under conditions of increased
task and time pressure. In this experiment, participants were required to complete predefined tasks
within a limited time frame as part of a graded academic activity. The objective of this evaluation is
to analyze how time pressure and performance requirements influence the usability across the seven
defined dimensions, as well as their impact on perceived workload, user satisfaction, and suggested
improvements.

A total of ten participants, all bachelor’s students in mechanical engineering, took part in the
experiment. Compared to previous experiments, the participants reported a higher level of
experience with digital tools and VR systems. This provides a suitable basis to evaluate the system
under more demanding conditions. Overall, the results indicate a moderate to good level of usability.
Despite the imposed time constraints, participants were partially able to complete the assigned tasks,
which shows that the system supports task execution even under pressure.

The analysis of the seven usability dimensions shows generally positive results, although some
limitations become more visible under time pressure. Task appropriateness was generally not rated
positively. Although participants confirmed that the system provides the necessary functions to
complete the tasks, some users indicated that certain functions were missing, which affected the
completeness of task execution. Expectation conformity is evaluated positively, since the interface
structure, including menus and icons, was generally perceived as clear and understandable.
Nevertheless, some participants reported that object manipulation was not fully intuitive, indicating
differences between expected and actual interaction behavior.

Self-descriptiveness was predominantly evaluated negatively, as participants reported that they
did not feel in control of the interaction and were unable to understand the system’s behavior. In
addition, not all users were able to clearly identify the next steps during task execution, which
indicates that system guidance is still limited in more complex situations.

Learnability represents one of the weaker dimensions. Participants reported difficulties in
understanding system functions, especially in relation to error messages and predictable system
responses. This issue becomes more critical under time pressure, where the lack of guidance increases
uncertainty.

Controllability is generally sufficient, as users were able to select and manipulate objects within
the virtual environment. However, some inconsistencies in interaction precision were observed.

Error tolerance is identified as a weak aspect, since participants reported issues such as missing
recovery functions and limited ability to correct mistakes. These limitations negatively influence user
confidence, especially in time-constrained scenarios.

User commitment is generally positive, as most participants reported a good first impression
and did not perceive the system as overly demanding. However, the perceived efficiency varies,
indicating that time pressure influences the interaction performance.

In addition to the usability evaluation, participants provided several suggestions for system
improvement. Frequently mentioned aspects include the integration of alternative interaction
methods such as hand tracking, as well as the implementation of a tutorial or guided onboarding.
Furthermore, improvements in object interaction, such as snapping functions and more interactive
elements, were suggested. Participants also highlighted the need for better system adaptability, for
example through adjustable user height or automatic detection. Additional features such as object
scaling and coloring were also identified as relevant improvements. These suggestions indicate the
need for a more intuitive, flexible, and user-adapted system.

The NASA TLX results show that the overall workload is high under time pressure. Cognitive
demand is perceived as high due to the need to understand the system during task execution.
Physical demand is low, and participants reported no significant physical strain. Time pressure is
perceived as manageable, and the effort required to complete the tasks remains relatively low. Some
participants reported dissatisfaction with their performance, and some experienced frustration due
to unclear interaction elements.
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The results of the SUS indicate a generally moderate score of 2.9 on a five-point scale.
Participants reported that the system is relatively not easy to use and that its functions are not fully
integrated. The system was also considered moderately learnable within a reasonable amount of time.
However, some users reported a certain level of complexity and occasional inconsistencies in system
behavior. The need for technical support was not dominant, but it was still present in more complex
interaction scenarios.

In summary, the results of experiment VI show that the VR system maintains a stable level of
usability under time pressure. Since the participants were students enrolled in the course, and the
experiment was part of their assessment, it appears that some of them attempted to attribute
unfavorable course evaluation outcomes primarily to the software. This interpretation is supported
by the discrepancy between the responses provided in the open-text fields and those recorded in the
scoring fields. In Table 3, a summary of all experiment setups and findings is presented.

Table 3. Experiment setups and usability findings.

Exp. Software Year Hardware Test Group Usability Number of Proportion of

No S1 of test Degree participants discovered
problems
I Version Oct. PC-Based International 51.7% 23 99.9%
1.70 2023 Teams
I Version Apr. PC-Based Students 62.3% 10 97.5%
1.70.3 2024
III  Version Jul. PC-Based Senior 50.3% 5 84.4%
1.71 2024 Engineers
IV Version Mar. PC-Based Senior 54.5% 5 84.4%
1.72 2025 Engineers
V  Version May. Standalone Junior 68.7% 40 99.9%
1.72.1 2025 Engineers
VI Version Jun. Standalone Students 63.6 % 10 97.5%
1.73 2025

5. Discussion

This study set out to investigate whether variables such as software, hardware, user background,
and context of use affect the usability of VR systems within the product development process. Based
on six experiments involving participants with different levels of experience, as well as varied
hardware configurations and use cases, the findings indicate that VR provides demonstrable benefits
in specific phases of product development, while its effectiveness remains highly context-dependent.

The comparative analysis across experiments II and VI, which involved inexperienced users,
and experiments III and IV, which included senior engineers from a development team, clearly
demonstrated the influence of user background on usability outcomes. Professional development
teams were more concerned with technical precision and the integration of VR into existing
workflows, resulting in lower acceptance when the system did not fully align with their operational
requirements. The results indicate that participants’ professional backgrounds and prior experience
significantly shaped their expectations and perceived system needs. Consequently, professional users
identified specific deficiencies and missing functionalities, as their feedback was closely tied to the
practical requirements of their workplace tasks, for example when relying on a particular CAD
software. This highlights the importance of tailoring usability assessments to the users’ operational
environments.

In addition, the usability ratings given by the development engineers in the third and fourth
experiments were closely aligned. This again confirms that the user background influences both
perceived usability and technology acceptance. In these cases, the engineers evaluated the technology
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more critically in relation to their actual professional needs. When real decision-making and the
potential profitability of an investment are at stake, the technology tends to be assessed more
rigorously. In contrast, the student participants tended to evaluate the technology based on personal
preferences, without considering profitability.

Regarding the software factor, the first experiment employed version 1.70, while the second used
a slightly updated version (1.70.3). Usability scores improved in the latter case, reflecting the positive
effect of addressing previously identified inefficiencies. A similar pattern was observed in
experiments IV and V, where software updates again led to higher usability ratings.

The comparison between PC-based and standalone VR systems suggests that hardware
configuration influences usability, particularly for inexperienced users. Usability improved slightly
with the standalone devices, suggesting that such systems offer greater ease of use and flexibility,
particularly for less experienced participants. However, PC-based systems remain necessary for high-
precision engineering applications where graphical performance and model complexity are critical.

With respect to the use case factor, the TLX results were generally positive across all
experiments, indicating low physical and cognitive workload. However, in the final two experiments
which conducted under identical technical conditions and with the same tasks but differing user roles
and objectives, the participants in experiment 6 exhibited higher levels of stress and cognitive effort.
This was likely because the tasks in experiment 6 were performed as part of a formal course
assessment, which introduced additional cognitive pressure and performance-related stress. These
findings suggest that the specific use case and contextual purpose of the activity can significantly
influence user acceptance and perceived task load.

Another finding from the comparison of the reactions of the two leaders in experiments III and
IV concerned their openness to adopting new technology. The leader from the medium-sized
enterprise (experiment3) was more receptive, whereas the leader from the large enterprise
(experiment4) was more cautious. This observation aligns with the findings of [22], who reported in
section 2.2 that medium-sized enterprises tend to be more open to new technologies.

It is evident that, after the first experiment, 99.9% of the system’s problems had been identified.
However, the objective of the subsequent usability tests was not only to detect problems, but rather
to optimize the overall usability of the system as well as to evaluate the factors influence the usability.

It has been demonstrated that the application of a standardized usability evaluation contributes
to the continuous improvement of the VR system. The progressive software enhancements are clearly
observable and indicate a positive correlation between usability assessments and the iterative
development process of the targeted system. This means that the advancements achieved in the
software can be directly associated with improvements in usability. This finding underscores the
effectiveness of a systematic evaluation approach.

It is important to distinguish the purpose of a usability test. When the primary objective is to
identify system errors or to determine the required number of participants, it is recommended to
conduct a minimal number of tests using the approach described in Section 2.3. However, if the
objective is the continuous optimization of the system in order to enhance user satisfaction and
technology acceptance, it is recommended to conduct iterative usability evaluations. In this case, each
testing cycle should incorporate previously identified variables, such as user feedback, and involve
new user groups, new scenarios, and updated versions of both the software and hardware.

Across several experiments, participants consistently identified missing functions required for
performing domain-specific tasks. This indicates that usability of VR systems is not only determined
by interaction quality but also by the completeness of task-relevant features. Particularly in
professional environments, the absence of specialized features significantly reduces perceived
usefulness and limits system acceptance, even when the underlying interaction mechanisms function
correctly

The comparison between VR and conventional CAD tools emerged as a recurring theme,
particularly among professional engineers. While VR was highly valued for its immersive
visualization and spatial understanding of complex assemblies, participants emphasized that
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traditional CAD systems still provide superior precision, feature depth, and workflow integration.
This suggests that VR systems are currently better suited as complementary tools for design reviews
and collaborative visualization rather than as direct replacements for established engineering
software.

Several experiments revealed that first-time users required additional onboarding and guidance
to interact effectively with the system. This was particularly evident in experiment IV, where
participants received only a brief introduction without any practical VR familiarization. As a result,
many users rejected the system; although this was not the only contributing factor, it clearly played
a role. These findings indicate that training and onboarding procedures are essential for the
successful adoption of VR tools in engineering contexts. Systems intended for industrial
environments should therefore incorporate guided tutorials or training modules to reduce the initial
learning curve and improve overall user acceptance.

In addition to the importance of the onboarding process prior to applying VR, the learnability
dimension was evaluated predominantly negatively across most experiments. Although several
optimizations were implemented, the system was still perceived as difficult to learn. A likely
explanation is that the technology is relatively new and many participants were not yet familiar with
it, which naturally increases the initial learning effort. Minor inconsistencies in the interaction design
or limited exposure time may also have contributed to this perception.

The collaborative evaluation conducted in experiment III also highlights the potential of VR as
a communication platform for distributed teams. Participants reported that the shared virtual
environment facilitated discussion and joint model inspection, suggesting that VR can support
collaborative decision-making processes in product development.

6. Conclusions

This study investigated how different factors (software configuration, hardware type, user
background, and context of use) influence the usability of VR systems within the product
development process. The analysis was based on a series of experiments involving participants with
varying levels of expertise, different hardware configurations, and multiple product development
scenarios.

The results demonstrate that VR can provide clear benefits in specific phases of product
development, particularly in activities related to visualization, spatial analysis, and collaborative
design review. However, the effectiveness and acceptance of VR systems are strongly dependent on
the context in which they are applied. Differences in user expertise, professional expectations, and
operational requirements significantly influenced usability perceptions and technology acceptance
across the experiments.

From an organizational perspective, the findings indicate that VR adoption should follow a
context-specific implementation strategy rather than being considered a universal solution.
Companies aiming to integrate VR into their product development processes should therefore
conduct targeted cost-benefit analyses, select hardware and software configurations appropriate to
the specific development phase, and provide training programs adapted to the experience level of
their users. In particular, the collaborative capabilities of VR environments offer considerable
potential for improving communication and coordination within distributed development teams.

A key methodological contribution of this study is the demonstration of the value of systematic
and iterative usability evaluation. The conducted experiments showed that applying standardized
usability assessments enabled the identification of system limitations and guided successive software
improvements. The progressive development of the VR system across the experiments indicates a
clear relationship between usability feedback and system optimization, confirming the effectiveness
of a user-centered, iterative evaluation process. These improvements were reflected not only in
enhanced system performance but also in increased user acceptance and overall user experience. The
following design and implementation principles for VR systems in product development are
proposed based on the experiment analysis:
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1. Match the level of hardware to the level of expertise and precision of the task: Standalone VR
headsets are more suitable for early-phase reviews, whereas PC-based systems are better suited
to high-precision engineering analyses.

2. Differentiate interaction concepts by user group: Students and junior engineers benefit from
simplified menus and guided interaction, whereas senior engineers require direct access to
precise measurement and inspection tools that are aligned with CAD workflows.

3. Integrate VR iteratively: Regular usability evaluations using standardized tools (SUS, NASA-
TLX and task-based questionnaires) should accompany each software iteration to systematically
improve usability and acceptance.

4.  Consider the organizational context and ROI: For industrial adoption, improvements in usability
must be communicated in terms of workflow integration, training effort and potential return on
investment.

5. Use VR as a complement, not a replacement, for CAD: VR is most effective for immersive
visualization, spatial understanding and collaborative design reviews, while CAD remains the
primary tool for detailed design and documentation.

Furthermore, the study highlights the importance of clearly distinguishing the purpose of
usability testing. When the objective is to identify the majority of critical usability problems, a limited
number of participants may be sufficient, following established usability evaluation approaches.
However, when the goal is the continuous improvement of system usability and technology
acceptance, iterative testing cycles become essential. Such cycles should incorporate feedback from
previous evaluations, involve new user groups, and consider updated versions of both software and
hardware, as well as different application scenarios.

Despite the insights gained, the scope of this study is subject to certain limitations. The
experiments were conducted with specific user groups and focused on a particular VR software
within defined industrial contexts. Future research should therefore investigate long-term adoption
patterns of VR technologies in product development environments, evaluate additional VR platforms
and interaction methods, and include larger and more diverse industrial teams from different sectors.
In addition, further studies should examine the economic impact and return on investment of VR
integration in the engineering field.

Overall, the findings indicate that VR has considerable potential to support innovation and
efficiency in product development. However, its successful implementation depends on aligning the
technology with user needs, task requirements, and organizational capabilities. A structured, user-
centered evaluation approach can play a critical role in achieving this alignment and enabling the
effective integration of VR systems into industrial product development process.

Funding: “This research was funded by the German Federal Ministry for Economic Affairs and Climate Action,
grant number KK5243803GR2.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data supporting the findings of this study, as well as the proposed method for
evaluating the usability of VR software, are available from the corresponding author upon reasonable request.

Abbreviations

The following abbreviations are used in this manuscript:

VR Virtual Reality

AR Augmented Reality

SuUS System Usability Scale

TLX Task Load Index

TAM Technology Acceptance Model

SLAM Simultaneous Localization And Mapping
ROI Return On Investment
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CAD Computer-Aided Design
HMD Head Mounted Display
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