
Vol.:(0123456789)

Cognition, Technology & Work (2025) 27:467–485 
https://doi.org/10.1007/s10111-025-00809-6

RESEARCH

Human‑centered design of VR interface features to support 
mental workload and spatial cognition during collaboration tasks 
in manufacturing

Huizhong Cao1   · Francisco Garcia Rivera2 · Henrik Söderlund1 · Cecilia Berlin1 · Johan Stahre1 · Björn Johansson1

Received: 24 February 2025 / Accepted: 2 June 2025 / Published online: 20 June 2025 
© The Author(s) 2025

Abstract
Industry 5.0 revolution is prioritizing human-centricity and adapting technologies to augment shopfloor workers’ cognitive 
ergonomics. To provide a user-friendly, efficient virtual planning tool, virtual reality (VR) is adopted by the industry to 
provide a virtual work environment for layout planning, design reviews, and training use cases. However, the user interface 
(UI) of VR programs is not yet standardized for universal design, and thus causes issues such as difficult scalable technology 
adoption due to high mental workload. Creating intuitive and accessible interfaces is a key challenge in VR. As the com-
plexity of VR platforms grows, it is vital that users can effectively explore and engage with them. Improved UI design may 
improve the whole user experience, making VR more accessible, scalable, and attractive to a larger audience. Navigation in 
a VR environment can impose a significant mental workload on users, affecting their cognitive capacities, including layout 
perception, navigation, attention for collaboration, and response/completion time. This study aims to identify and assess 
the UI design features of a virtual work environment for manufacturing regarding mental workload, spatial navigation, and 
performance-based evaluation for human centricity. Three design features of typical mini maps examples, which are extracted 
from the literature and the gamification industry, are portability, tangibility, and dimensionality. By identifying the association 
between design features and user navigation experience, we may observe patterns for broader VR user interface standardiza-
tion that address human factors. This study employed a qualitative approach to assess five different prototypes of interactive 
map designs, categorized into three design features, involving both students and industry practitioners, and resulting in 114 
valid data collection sessions in the prototype-based experiment. Reducing mental workloads in VR interfaces can increase 
efficiency and user satisfaction in Industry 5.0 through intentional use of specific design features—portability proved to have 
the most significant impact, consistently reducing mental, physical and temporal demands, and frustration, while simultane-
ously improving performance, layout perception, navigation, and collaborative efficacy. The study provides effective design 
feature identification, highlighting the importance of user-centric approaches in VR development for cognitive ergonomics.
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1  Introduction

Industry 5.0 is to create a more harmonious relationship 
between humans and technology in order to address the 
challenges and issues that arise from the increasing reli-
ance on automation and digitalization (Loizaga et  al. 
2023). Industry 5.0 seeks to promote worker well-being 
and establish sustainable, resilient systems through 
human-centered strategies that incorporate virtual reality 
(VR), artificial intelligence (AI), robotics, and digitaliza-
tion (Alves et al. 2023). However, interactive systems in 
manufacturing automotive industrial settings have yet to 
catch up with consumer products in terms of quality of 
interaction and user experience (Mucha et al. 2018). In the 
era of Industry 5.0, mental workload optimization provides 
opportunities to boost the performance and efficiency of 
shop floor workers, and also enhance collaboration, well-
being, and work satisfaction (Geurts et al. 2022). VR sys-
tems represent innovative solutions that blend technologi-
cal advancements with human-centric design to align with 
Industry 5.0 principles (Escallada et al. 2025). Despite the 
growth and development of VR technologies and hard-
ware devices, if a VR-based task is not designed with an 
appropriate level of mental workload to match the users’ 
expertise, the task performance and technology utiliza-
tion may be restrained (Zhang et al. 2016). This study, 
therefore, aims to bridge the gap between cognitive ergo-
nomics of VR technology adoption and universal design 
of human–computer interaction (HCI) in manufacturing 
contexts, with a particular focus on navigational aids for 
virtual layout planning in a collaborative manufacturing 
setting.

Industrial designers prefer virtual workshops and intel-
ligent environment concepts for defining product form, 
with immersive environments and rapid project switch-
ing being preferred (Sener and Wormald 2007). VR is a 
key technology in this transformation, supporting vari-
ous aspects such as layout planning, design reviews, vir-
tual prototyping, machine/robot interaction, ergonomics 
assessment, and virtual training (Cao et al. 2023). This 
approach to improve the cognitive ergonomics of the UI 
of VR applications aims to align technological advance-
ments with human needs and capabilities, promoting effi-
ciency, effectiveness, and satisfaction in the manufacturing 
process.

In multi-user VR settings, the concept of a spatial navi-
gation visual aid called “mini map” (Cao et al. 2024) can 
serve as an important navigation assistance, supporting 
users in navigating complex virtual environments effi-
ciently. This is especially true in manufacturing engi-
neering, where tasks such as factory layout planning, 
design reviews, and real-time collaboration with multiple 

stakeholders in complex virtual environments are needed. 
Mini maps provide a structured visual representation of 
the virtual space, enabling users to process information 
quickly and make informed decisions. Computer-inte-
grated simulations using virtual prototypes and digital 
human models can optimize workstation design and vali-
date design alternatives before creating the final product 
(Peruzzini et al. 2019). The seamless integration of mini 
maps within VR platforms is crucial for reducing mental 
load and improving both operational accuracy and speed, 
aligning with the human-centered goals of Industry 5.0 
(Zalozhnev and Ginz 2023). This paradigm shift towards 
more personalized and human-centric manufacturing 
processes calls for innovative methods to reduce mental 
workload and enhance decision-making through better 
user interface design (Skulmowski and Xu 2021).

Navigating in VR environments can impose a signifi-
cant mental load on users, affecting their mental func-
tions such as short-term memory, attention, perception, 
and response time (Han et al. 2021). Increased mental 
workload in immersive virtual reality during visuomotor 
adaptation is related to decreased long-term motor mem-
ory formation and context transfer (Juliano et al. 2021). 
Increasing mental load in VR users leads to an increase 
in relative pupil size and fewer fixations, among other eye 
behaviors (Schirm et al. 2023), thus affecting attention. 
This increased mental workload can lead to various chal-
lenges, impacting VR applications’ overall user experience 
and effectiveness.

Studies suggest that users often experience higher mental 
workload during complex motor tasks in head-mounted dis-
plays (HMD) compared to traditional computer screens (CS) 
(Bernal et al. 2024). Increased cognitive and affective load in 
virtual reality navigation can decrease navigational perfor-
mance (Parsons et al. 2023). VR environments can signifi-
cantly alter mental workload dynamics. These mental load 
factors will thus negatively affect the collaborative activi-
ties in the virtual environment, like layout planning, design 
reviews, and remote assistance, if no measures are taken. It 
is crucial to effectivity leverage user cognitive psychology 
and design features during the VR scene design phase, in 
order to improve the efficiency of information acquisition 
and task execution in VR, enhance user experience, and 
reduce cognitive load for users (Fu et al. 2024). However, 
research on measures to optimize mental workload in VR 
is lacking, especially in the standardization of UI universal 
design for virtual navigation.

This study aims to answer the following research 
questions:

RQ1: What visual navigational aids exist in VR games or 
literature, and how can they be evaluated in a manufacturing 
context using a prototype-based test for mental workload 
assessment?
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RQ2: How do differently designed features of mini maps 
affect the users’ mental load and spatial cognition during 
navigation in a manufacturing context?

The design of VR interfaces can either alleviate or exac-
erbate extraneous mental workload, highlighting the impor-
tance of thoughtful design in optimizing user experience 
and performance outcomes (Reiners et al. 2021). The objec-
tives of this paper are to explore the human-centered design 
approach with a prototype-based experiment, through a use 
case of an interactive navigational aid—mini map, designed 
to provide optimized mental load and improve spatial cogni-
tion during navigation.

The study demonstrates that special design features in 
the UI of virtual navigation can significantly influence 
users’ experience of mental workload and spatial capability. 
Three design features are extracted from variable navigation 
aids through literature review and the gamification indus-
try, which are portability, tangibility, and dimensionality. 
Through a prototype-based experiment, the three design fea-
tures of mini maps are assessed, compared with an ANOVA 
test and thematic analysis, to identify their different influ-
ence on mental, physical, and temporal demands, frustra-
tion, performance, effort, layout perception, navigation, 
collaboration efficacy, and completion efficiency. The result 
shows that portability reduces overall mental workload sig-
nificantly compared to tangibility and dimensionality, which 
indicates that portability could be a potential UI design fea-
ture to achieve user-friendly navigation augmentation for 
layout planning tasks in manufacturing.

2 � Theoretical framework

Human-system interaction requires the coordination of 
perceptual, cognitive, and motor functions (Neumann et al. 
2020). In the realm of Human–Computer Interaction (HCI), 
cognitive ergonomics centers on four main challenges: leg-
acy due to long task completion time, low user satisfaction, 
high error rates, and long response durations (Cañas 2008). 
Human factors and ergonomics research can optimize overall 
system performance and human well-being in the context of 
manufacturing industries (Reiman et al. 2021). The explo-
ration of HCI in VR for educational and business purposes 
is a dynamic field, with ongoing research focusing on the 
complex interplay of technology, user experience, and use 
cases (Li 2024).

Mental Workload can be defined as “the ratio of demand 
to allocated resources” (Luong et al. 2020). It is an essential 
metric for evaluating the impact of performing tasks and 
predicting operators’ performances and technology adop-
tion (Cain 2007). Optimizing mental workload has been 
proven to reduce human errors, improve system safety, 
increase productivity, and enhance operators’ satisfaction 

with their working experience (Luong et al. 2020). Mental 
workload can be measured in multiple ways, including sub-
jective (or self-report), physiological, and task performance 
measures (Fogelberg et al. 2024). Self-report methods can 
be categorized into multidimensional or unidimensional 
scales (Luong et al. 2020). One of the most recognized and 
commonly used standardized multidimensional scales is the 
NASA-Task Load Index (TLX) (Hart and Staveland 1988). 
Performance measures mainly depend on the type of task, 
and error rate and completion time are the common meas-
ures (Fogelberg et al. 2024). The physiological measures 
can be assessed through signals like electroencephalogram 
(EEG), pupillometry, heart rate variability (HRV), etc. (Tao 
et al. 2019), but this will not be the focus of this study due 
to the scope.

VR tends to have a higher mental fatigue rate compared 
to conducting the same tasks in a real-life situation (Vasilev 
et al. 2018). Besides, VR induces a higher mental workload 
than PC (Matsuura 2019; Souchet et al. 2023). The high 
mental workload can result in fatigue, stress, or affective 
states in other contexts, measured by psychological or physi-
ological assessment (Luong et al. 2020). Some researchers 
observed that although VR environments can provide an 
immersive experience, they may also lead to higher men-
tal workload and attention dispersion among learners, ulti-
mately affecting the learning outcomes and user experience 
(Makransky et al. 2017), which may be due to HCI interfaces 
(Hou et al. 2025).

There are existing guidelines considering mental overload 
factors in VR, which are the time pressure and task diffi-
culty (Souchet et al. 2023). The literature review conducted 
by Souchet et al., has concluded that basic interaction and 
interface can influence task difficulty, and has come up with 
guidelines for testing interfaces to avoid unnecessary work-
ing memory solicitations by NASA-TLX, adapting inter-
actions and interface based on the user’s characteristics or 
preferences. However, these guidelines lack empirical study 
to validate these principles, and also the design features have 
been ignored, which could be useful as a foundation for uni-
versal design, particularly in the automotive industry, where 
VR use cases are emerging. A simple Egocentric interface 
considerably improves visual search efficiency and naviga-
tion performance in immersive network exploration (Sorger 
et al. 2021).

Despite the importance of the navigational user experi-
ence of self-report added on mental workload assessment, 
there remains a lack of consensus on how to define “spatial 
cognition” (Thorp et al. 2024). As a concept, “spatial cog-
nition” encompasses a wide array of tasks, including (but 
not limited to) spatial memory, spatial orientation, spatial 
visualization, and spatial perception (Uttal et al. 2013). 
This was achieved through a recall experiment to assess the 
accuracy of memory. Designing XR experiences requires a 
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comprehensive understanding of spatial cognition, which 
refers to the mental processes involved in acquiring, organ-
izing, and utilizing knowledge about spatial relationships 
between objects (Zhao et al. 2023). Areas of interest for 
researchers are the design and allocation of visual cues on 
mobile maps (Cheng et al. 2022). There are many aspects 
that have been investigated regarding spatial navigation in 
virtual environments. High-fidelity 3D rendering in mobile 
applications, involving spatial cues, is essential for deliver-
ing immersive user experiences in extended reality (XR) 
(Estey et  al. 2022). Research on navigation assistance 
user interfaces exists, like 2D or 3D, but studies specifi-
cally examining mental load and mini map design features 
on portability and tangibility are lacking. This study will 
focus on addressing that gap and compare the significance 
of design features in decreasing mental workload.

3 � Methods

Section 3 provides an overview of the prototype develop-
ment process, and the subsequent experimental setup used 
to investigate various mini map designs in a multi-user VR 
environment. The Methods part is to answer the RQ1: What 
visual navigational aids exist, and how can they be evalu-
ated in a manufacturing context using a prototype-based test 
for mental workload assessment?

It begins with a literature-based identification of differ-
ent map categories, followed by the creation of five dis-
tinct prototypes with unique UI features. These prototypes 
were implemented in a virtual factory scenario, allowing 
participants to collaborate on a gamified maintenance task. 
The section then describes the study’s participant groups, 
experimental procedures, and the assessment methods 

employed—both quantitative (NASA-TLX and spatial 
cognition measures) and qualitative (survey responses and 
thematic analysis). Through this integrated methodology, 
Sect. 3 sets the stage for understanding how design attributes 
such as portability, dimensionality, and tangibility affect user 
experience, mental workload, and navigation performance.

3.1 � Prototype development

The whole design and experiment process is illustrated in 
Fig. 1. Firstly, a literature search was conducted to define 
the existing and explored spatial navigational aid using 
mini maps in VR as shown in Table 1. It was found by the 
reviewed literature that a total of three main design features 
(Portable vs Non-portable/Tangible vs Non-tangible/2D vs 
3D) have historically been used in various combinations, 
making up a total of five different mini map concepts, after 
which the authors saw a saturation in the literature. Repre-
sentative examples from literature illustrating the five unique 
concepts (Horbinski and Zagata 2022; Badr and De Amicis 
2023; Kuo et al. 2022; Lee et al. 2022; Hou et al. 2021) can 
be seen in Table 1. All the five concepts are unique in their 
design and provide various levels of interaction and capa-
bilities. Their ability to affect spatial learning and naviga-
tion in a virtual space is the subject of this study. Each of 
the potential mini map concepts were taken forward into 
the prototype development. In order to evaluate the differ-
ent minimap concepts, a small, gamified scenario was cre-
ated within a multi-user VR platform. Where participants, 
divided into pairs, collaborated in solving tasks in an Over-
Maintenance puzzle game, inspired by Overcooked (Ghost 
Town Games, UK), a cooperative game where players col-
laboratively tackle tasks under time constraints. Using the 
different versions of the mini maps as navigational aids, they 

Fig. 1   The design and experiment process of the prototype-based experiment study
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were asked to cooperate and carry out a series of tasks while 
measured on their performance.

The gamified multi-user VR experience was developed 
using the Unity 3D Game Engine (Unity 2023) and the 
available Photon Networking (PhotonEngine 2023) plug-in 
for Unity, allowing for multiple participants to collaborate 
in a shared VR environment. Furthermore, the VR Builder 
(MindPort 2023) plug-in to Unity was utilized enabling VR 
interactions and VR task sequencing in the shared virtual 
environment. To facilitate collaboration and interaction 
between players in the shared virtual world life size virtual 
avatars were added representing each participant. Further-
more, a virtual model of a factory was introduced creating 
immersion of the manufacturing context as well as provid-
ing a complex layout for the participants to navigate within. 
Finally, the concepts of the five mini maps were developed 
and added to the multi-user VR platform as the subject of 
navigational aid to assess within the VR environment. Each 
of the mini maps developed indicated the locations of each 
participant in real time, in relation to the factory layout plan, 
as well as move markers or indications of where in the fac-
tory to move in order to carry out the tasks as part of the 
gamified experience.

3.2 � Participants

A purposive sample of participants (Palys 2008) was 
recruited, where the intention was to seek out people with 
a comparable level of experience with manufacturing con-
texts and/or VR use. The study’s participants belonged to 
two distinct groups: students and industry practitioners, who 
were chosen to reflect a wide variety of experiences relevant 
to VR interface usability in the context of mini map design.

Test group 1—students: The student group consisted 
of 18 students from Chalmers University of Technology, 
with a balanced gender representation to encourage gender 
equality in study outcomes. These individuals, who were 
relatively new to the subject of VR, were mostly studying 
Production Engineering. They were picked since they were 
inexperienced with complex VR apps, since the study aimed 
to explore how straightforward the mini map interfaces are 
for new users.

Test group 2—industrial practitioners: This group con-
sisted of 12 male volunteers, each approximately 40 years 
old, with extensive technical expertise, mainly in the auto-
motive and aerospace sectors. These individuals are used to 
utilizing digital tools such as simulations and have various 
levels of knowledge of VR technology and gaming, which 
may impact how they engage with the mini map. Their vast 
knowledge of digital technologies sets them apart from the 
undergraduate group, providing insights into how experi-
enced practitioners interact with new XR interface designs. 
As seen from Fig. 3, they were divided into 6 pairs to try 

5 randomized prototypes of the mini map in this study and 
contributed to 60 validated data collection sessions.

Both groups were chosen at random and consented to par-
ticipate in this study, guaranteeing that the sample is random 
and that the study outcomes are generalizable across similar 
situations. The two groups reflect the common perception of 
academic and industrial users that virtual tools are neces-
sary for practice and education. Overall, 114 validated data 
collection sessions were collected and merged for the data 
analysis.

3.3 � Test procedures

The experimental procedure, illustrated with Adobe Illus-
trator, as shown in Fig. 2, involved multiple iterations and 
comparisons across different mini map designs. Participants 
were either students or industrial practitioners and were 
asked to interact with either three or five mini map proto-
types, depending on their group. The order of map presenta-
tions was randomized to mitigate potential biases from first 
trials. Participants were paired to collaborate, ensuring that 
the interaction and navigation tasks required teamwork and 
communication.

•	 Step 1: The student group was divided into nine pairs. 
Each pair tested three randomized mini map prototypes, 
resulting in 54 valid data collection sessions that cap-
tured both mental workload and spatial cognition meas-
ures. Similarly, the industrial practitioners were divided 
into six pairs, each testing five randomized mini map 
prototypes, providing a separate 60 set of validated data 
collection sessions.

•	 Step 2: Each pair was tasked to collaborate in solving 
a simple maintenance task while navigating a factory 
environment using the different mini maps, while being 
assigned either the role of a warehouse worker or a 
machine operator.

•	 Step 3: The warehouse worker in each pair used the mini 
map to locate a highlighted shelf in the virtual factory, 
retrieve a spare part, and deliver it to a machine opera-
tor stationed across the factory floor. Both participants 
relied on the mini map to locate each other, coordinate 
the hand-over, and complete the installation task on the 
correct machine. After finishing a task, participants took 
a short break, completed a brief survey, and then repeated 
the procedure with a different mini map prototype and an 
updated task layout. Figure 3 shows one example of the 
task setup and highlighted objectives.

•	 Step 4: Beyond the main experiment, participants com-
pleted surveys with both quantitative and qualitative 
questions to gather subjective assessments of mental 
workload, spatial cognition and navigation perfor-
mance. In-depth interviews supplemented the surveys, 
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providing richer insights into users’ intuitive experi-
ences with each mini map design. This qualitative data 
helped to contextualize the quantitative results, offer-
ing a more comprehensive understanding of how vari-
ous design features influenced the user experience.

3.4 � Assessment method

To obtain perceived workload estimations for the VR mini 
map designs and to gauge the spatial cognition experience 
and effectiveness of the proposed interfaces, the widely 
recognized NASA TLX for mental workload assessment, 
while a survey questionnaire on the three metrics: spatial 

Fig. 2   Experimental procedure 
for students and industrial 
practitioners
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navigation, layout planning, collaboration with Likert scale 
(e.g., 1 = very poor, 5 = excellent), and completion in sec-
onds. These scores are considered quantitative data because 
we assign numerical values to responses, enabling calcula-
tions like mean, median, and standard deviation.

NASA-Task Load Index (NASA-TLX; Hart and Stave-
land 1988) was employed in its raw (unweighted) form via a 
software-based questionnaire (Hart 2006). The modified raw 
NASA-TLX questionnaire is a reliable tool for measuring 
subjective workload in monitoring tasks (Said et al. 2020). 
The software version of the NASA TLX simplifies collec-
tion, postprocessing, and storage of raw data for assessing 
subjective mental workload (Cao et al. 2009). The NASA-
TLX captures six subscale categories—cognitive demand, 
physical demand, temporal demand, performance, effort, and 
frustration—each rated immediately after the task on a scale 
from 0 (low) to 20 (high), except for performance which 
is scored inversely (0 being good and 20 being poor). In 
this study result, the performance score has been reversed to 
increase the readability. This combination of quantitative rat-
ings and qualitative feedback provides valuable insights into 
user experiences with different prototypes, enabling a thor-
ough assessment of how effectively each mini map supports 
user navigation and engagement within the VR environment.

While the NASA-TLX is sensitive to varying levels of 
user experience (Barajas-Bustillos et al. 2023), it is not 
entirely without limitations, as participants must retrospec-
tively recall their experiences. Nevertheless, when inte-
grated with user responses gathered from prototype test-
ing, A/B testing, and open-ended feedback, these workload 

assessments offer a richer understanding of the mental 
workload dynamics in VR settings. In this study, using the 
NASA-TLX for both industrial practitioners and students 
provided a broader perspective on user-centric design con-
siderations and helped identify features that may optimize 
interface usability and reduce mental workload.

3.5 � Analysis methods

3.5.1 � Mixed effect modelling for complex experimental 
designs

Mixed effects modelling offers particular advantages for our 
study design, as it accommodates the hierarchical nature of 
our data, where participants worked in pairs and experienced 
unbalanced conditions of trying mini maps. The mixed 
effects modeling provides an ideal framework for our study 
as it combines the strengths of both fixed (design features) 
and random (user type variability) effects analysis, accom-
modating the nested structure of our data where observations 
were collected from participants working in pairs, creating 
inherent dependencies (Detry and Ma 2016). As noted by 
Moseley et al., “Mixed models can accommodate unbal-
anced data patterns and use all available observations and 
patients in the analysis” (Detry and Ma 2016), which is par-
ticularly valuable given the different sample sizes, measure-
ment quantities, and VR experience backgrounds between 
student and industrial practitioner groups.

Statistical analyses were implemented using Python for 
the mixed design ANOVA calculations. The significance 

Fig. 3   Mean normalized scores for NASA TLX and spatial cognition metrics with 95% confidence interval under portable vs. not portable
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level (type I error) was set to 0.05 (Di Leo and Sardanelli 
2020). To examine the impact of mini map design features 
on mental workload and spatial cognition, we employed a 
mixed-design ANOVA approach that accommodated our 
unique experimental structure with different participant 
groups experiencing varying numbers of mini maps. The 
analysis accounted for our unbalanced design where indus-
trial practitioners (n = 12, 6 pairs) experienced all five mini 
map prototypes (contributing 60 valid data collection ses-
sions), whereas students (n = 18, 9 pairs) encountered three 
randomized mini map prototypes (contributing 54 valid 
data collection sessions). Although NASA-TLX scores are 
formally discrete ratings, they were treated as continuous 
data in accordance with common research practice, ena-
bling the application of parametric tests.

For each analysis, we tested both within-subjects factors 
(design features: portability, dimensionality, and tangibil-
ity, as shown in Table 2) and between-subjects factors (stu-
dent vs. practitioner groups). The statistical analysis deter-
mined whether there were significant differences in mean 
scores for NASA-TLX indices (Mental Demand, Physical 
Demand, Temporal Demand, Performance, Effort, and 
Frustration) and spatial cognition measures (Layout Per-
ception, Navigation, Collaboration, and Time) attributable 
to the presence or absence of specific design features.

We report p-values to indicate statistical significance, 
representing the likelihood that observed differences 
occurred by chance rather than due to our manipulated 
variables. The mean and standard deviation were calcu-
lated for all dependent variables. Additionally, we report 
partial eta squared (η2) as our primary effect size meas-
ure, following conventional guidelines where η2 values of 
approximately 0.01 indicate small effects, 0.06 medium 
effects, and 0.14 or greater large effects (Cohen 1988).

As shown in Table 2, the study assessed three primary 
mini map design features as the main independent variables 
for the ANOVA test:

•	 Portability: The capability of the mini map to be trans-
ferred, repositioned, or adapted under changing condi-
tions. This ensures that users can interact with the map 
flexibly in dynamic VR environments.

•	 Dimensionality: A map rendered as a flat, two-dimen-
sional surface, possessing only length and width. Unlike 
a 3D model, it conveys spatial information without depth, 
potentially simplifying the user’s navigational interpreta-
tion. In this study,

•	 Tangibility: A design feature that replicates the form 
of a physical, tangible item, allowing it to be visually 
observed, touched, and manipulated. This approach lev-
erages familiar, tactile cues to enhance user interaction 
and spatial understanding.

3.6 � Thematic analysis

A thematic analysis was conducted on self-reported quali-
tative data from participants to identify key themes related 
to their experiences with different mini maps. Participants 
provided open-ended feedback after completing tasks using 
portable, 2D, 3D, and Tangible object-based mini maps. The 
analysis followed the thematic analysis approach outlined 
by Braun and Clarke (2006) and consisted of five iterative 
phases.

•	 Phase 1: Familiarization with the Data: The first step 
involved becoming familiar with the collected data. Par-
ticipants were asked to state "three things on top of their 
mind" regarding their experience with each mini map. 
The collected data were reviewed multiple times to gain 

Table 2   Overview of mini map 
and their design features

Design features
Definitions

Mini map A Mini map B Mini map C Mini map D Mini map E

Portability
The capability of being 
transferred or adapted under 
changing conditions

Dimensionality
A map rendered as a flat, two-
dimensional surface, possessing 
only length and width.

Tangibility
A design feature that replicates 
the form of a physical, tangible 
item, allowing it to be visually 
observed, touched, and 
manipulated.
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an in-depth understanding of the feedback and to begin 
identifying recurring patterns.

•	 Phase 2: Generating Initial Codes: In this phase, the data 
were systematically examined to generate initial codes. 
These codes represented smaller units of meaning within 
the data, which highlighted the specific advantages, dis-
advantages, or important features of the mini maps. For 
instance, examples of early codes included "easy to bring 
the map into focus" and "hard to toggle the map with the 
controller”. Keywords and concepts related to usability, 
navigation, visibility, and collaboration started showing 
at this stage.

•	 Phase 3: Searching for Themes: The initial codes were 
then analyzed to identify broader themes that captured 
the participants’ experiences. This involved grouping 
similar codes into overarching categories. For example, 
codes related to handling and adjusting the mini map 
were clustered under the theme of usability, while those 
concerning locating oneself or others were grouped 
under navigation. This phase also included identifying 
repeated keywords and key points across the dataset.

•	 Phase 4: Reviewing the Themes: The identified themes 
were iteratively refined and reviewed to ensure they accu-
rately reflected the data. During this phase, the themes 
were cross-referenced with the raw data to confirm their 
validity and coherence. For example, the theme of visi-
bility was revisited to incorporate participants’ comments 
on map size, placement, and visual clarity.

•	 Phase 5: Defining and Naming the Themes: The final 
step involved defining and naming the themes to provide 
a clear and concise framework for the analysis. Usability, 
navigation, visibility, and collaboration were selected as 
the primary themes, as they consistently captured the key 
dimensions of participants’ feedback.

4 � Results

This section presents how various design features of mini 
map prototypes—focusing on portability, dimensionality 
(2D vs. 3D), and tangibility, affect mental workload and 
spatial cognition as measured through the NASA TLX index 
and task performance indicators. The Results and following 
Discussion part is to answer the RQ2: How do differently 
designed features of mini maps affect the users’ mental load 
and spatial cognition during navigation in manufacturing 
context?

4.1 � Understanding design features and user type 
differences

For each analysis, we examined the impact of three inde-
pendent variables (Portable, 2D, and Tangible Object design 

features) on multiple dependent variables, including NASA 
TLX indices (Mental Demand, Physical Demand, Temporal 
Demand, Performance, Effort, and Frustration) and spatial 
cognition measures (Layout Perception, Navigation, Col-
laboration, and Completion Time).

The mixed-design ANOVA enables us to:

1.	 Assess the main effects of each design feature across all 
participants, identifying universal design principles that 
transcend user groups

2.	 Examine potential interactions between design features 
and user groups, illuminating whether certain features 
are particularly beneficial for specific user populations

3.	 Maintain focus on design elements rather than group dif-
ferences, while still accounting for group-level variance 
in the statistical model.

5 � Mixed design ANOVA test

The mixed design ANOVA results presented in The Table 3 
demonstrate the differential impacts of portability, dimen-
sionality, and tangibility on both mental workload and 
spatial cognition measures. Statistical analysis reveals 
that portability emerges as the most influential design fea-
ture, showing significant effects across 9 of 10 metrics (all 
p < 0.05). Users experienced substantially reduced mental 
workload with portable mini maps, as evidenced by lower 
mental demand (p < 0.001, η2 = 0.35), physical demand 
(p < 0.001, η2 = 0.27), and frustration (p < 0.001, η2 = 0.30). 
Simultaneously, portability significantly enhanced spa-
tial cognition measures, with particularly strong effects 
on navigation (p < 0.001, η2 = 0.53) and layout perception 
(p < 0.001, η2 = 0.43).

Dimensionality showed more selective effects, signifi-
cantly influencing layout perception (p = 0.03, η2 = 0.21) 
and completion time (p < 0.001, η2 = 0.41), with 2D maps 
enabling worse layout understanding and 3D maps resulting 
in shorter task completion times. Tangibility demonstrated 
no significant main effects on any measure, suggesting it 
may be the least critical design feature among those tested.

Notable user group differences emerged across several 
metrics. Industrial practitioners consistently reported lower 
mental demand than students across all design features (all 
p < 0.05), with particularly pronounced differences in effort 
ratings (p < 0.001, η2 = 0.56–0.65). Practitioners also com-
pleted tasks significantly faster than students regardless of 
design feature (p < 0.001, η2 = 0.49–0.76), likely reflecting 
their professional expertise. However, both groups showed 
similar patterns of response to the portable feature, suggest-
ing its benefits transcend experience levels and supporting 
its importance as a universal design principle for VR mini 
maps.
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5.1 � Empirical evaluation based on the mean value 
and STD

A series of bar charts (Figs. 3, 4 and 5) display mean scores 
(normalized to a 0—20 scale) and their 95% confidence 
intervals for six workload-related metrics (Mental Demand, 
Physical Demand, Temporal Demand, Performance, Effort, 
and Frustration) and four spatial cognition measures (Layout 
Perception, Navigation, Collaboration, and Time). Statisti-
cal analyses (The Table 3) highlight which design features 
yield significant differences, while a thematic analysis of 
participant feedback explores underlying user experience 
factors. Notably, the plots allow one to observe which 
design features tend to produce higher or lower values for 

both mental workload and spatial cognition measures. This 
visual representation provides an intuitive overview, com-
plementing the statistical results and helping to discern pat-
terns in how portability, dimensionality, and tangibility each 
influence user experience and performance outcomes in the 
VR environment.

When comparing the Portable and Not Portable condi-
tions (see Fig. 3), the mean scores and their 95% confi-
dence intervals reveal clear cognitive ergonomic advan-
tages for the Portable mini map design. Participants 
experienced significantly lower levels of mental, physical, 
and temporal demands, as well as reduced frustration and 
faster task completion times when using the Portable mini 
map. For example, average Mental Demand was notably 

Table 3   Reveals significant effects of mini design features on mental workload and spatial cognition metrics across user types

With dimensionality means 2D while without dimensionality represents 3D maps

Dependent Variable Independent vari-
able

Mean (SD) Statistics p(η2)

Design feature User type Design feature User type

Metric Design feature Without With Student Industrial practi-
tioners

With & without Student& industry

Mental Demand Portability 11.55 (4.85) 8.63 (4.7) 12.0 (4.86) 6.33 (4.53) 0.00 (0.35)* 0.03 (0.18)*
Dimensionality 9.73 (5.2) 9.76 (4.9) 12.57 (3.80) 8.73 (5.29) 0.10 (0.12) 0.01 (0.31)*
Tangibility 9.61 (4.85) 9.84 (5.04) 11.2 (4.61) 8.25 (5.59) 0.55 (0.01) 0.02 (0.19)*

Physical Demand Portability 7.89 (4.48) 5.84 (3.79) 8.80 (5.13) 5.36 (4.52) 0.00 (0.27)* 0.25 (0.05)
Dimensionality 7.12 (4.8) 6.49 (3.99) 8.00 (4.96) 6.06 (4.28) 0.93 (0.00) 0.22 (0.07)
Tangibility 6.5 (4.42) 6.71 (4.04) 7.20 (4.42) 6.17 (4.29) 0.66 (0.01) 0.53 (0.02)p–-

Temporal Demand Portability 9.75 (4.45) 8.17 (4.37) 9.80 (4.76) 7.33 (4.51) 0.01 (0.26)* 0.40 (0.03)
Dimensionality 9.0 (4.94) 8.72 (4.32) 10.86 (4.82) 8.65 (4.56) 0.14 (0.10) 0.20 (0.08)
Tangibility 9.09 (4.83) 8.59 (4.22) 9.40 (5.07) 7.92 (4.44) 0.37 (0.03) 0.56 (0.01)

Performance Portability 9.84 (4.32) 7.61 (4.96) 10.4 (3.98) 5.36 (4.49) 0.00 (0.33)* 0.03 (0.17)*
Dimensionality 9.04 (5.18) 8.31 (4.74) 11.43 (4.11) 7.15 (4.93) 0.67 (0.01) 0.02 (0.24)*
Tangibility 8.82 (4.98) 8.26 (4.75) 10.4 (4.38) 6.61 (4.80) 0.11 (0.10) 0.03 (0.16)*

Effort Portability 12.43 (5.07) 11.04 (6.55) 15.4 (4.55) 6.36 (4.24) 0.31 (0.04) 0.00 (0.62)*
Dimensionality 11.38 (6.03) 11.64 (6.07) 15.43 (3.80) 8.08 (4.53) 0.42 (0.03) 0.00 (0.65)*
Tangibility 11.16 (5.68) 11.84 (6.28) 14.8 (5.04) 7.58 (4.74) 0.66 (0.01) 0.00 (0.56)*

Frustration Portability 9.02 (4.28) 6.57 (4.05) 8.40 (3.87) 5.78 (4.46) 0.00 (0.30)* 0.63 (0.01)
Dimensionality 7.85 (4.53) 7.42 (4.24) 8.86 (4.49) 7.44 (4.97) 0.74 (0.01) 0.47 (0.02)
Tangibility 7.93 (4.58) 7.26 (4.11) 8.00 (3.89) 6.89 (4.66) 0.17 (0.07) 0.86 (0.00)

Layout Perception Portability 10.0 (6.0) 14.29 (4.98) 11.5 (5.64) 13.89 (4.94) 0.00 (0.43)* 0.15 (0.08)
Dimensionality 13.65 (5.75) 12.33 (5.77) 12.14 (6.11) 10.94 (5.89) 0.03 (0.21)* 0.87 (0.00)
Tangibility 11.7 (5.49) 13.21 (5.9) 11.75 (5.68) 11.94 (6.36) 0.15 (0.08) 0.08 (0.11)

Navigation Portability 9.43 (5.73) 15.21 (4.38) 11.0 (5.53) 15.83 (3.68) 0.00 (0.53)* 0.22 (0.06)
Dimensionality 14.04 (5.1) 12.67 (5.82) 12.86 (5.79) 12.08 (6.17) 0.08 (0.14) 0.52 (0.02)
Tangibility 12.73 (5.44) 13.14 (5.85) 12.5 (5.50) 12.64 (6.27) 0.82 (0.00) 0.75 (0.00)

Collaboration Portability 10.0 (6.56) 14.71 (5.1) 10.75 (6.93) 15.0 (4.63) 0.00 (0.28)* 0.60 (0.01)
Dimensionality 14.23 (5.78) 12.5 (6.21) 13.21 (6.96) 12.08 (6.26) 0.07 (0.14) 0.86 (0.00)
Tangibility 11.59 (5.88) 13.71 (6.18) 11.25 (6.26) 13.33 (6.21) 0.41 (0.03) 0.84 (0.00)

Completion Time Portability 4.31 (2.87) 3.82 (4.24) 6.23 (2.78) 1.57 (1.45) 0.04 (0.15)* 0.00 (0.49)*
Dimensionality 2.94 (2.01) 4.33 (4.09) 4.29 (1.70) 2.19 (1.78) 0.00 (0.41)* 0.00 (0.76)*
Tangibility 4.57 (4.87) 3.65 (2.84) 7.34 (5.98) 1.87 (1.70) 0.06 (0.13) 0.00 (0.49)*
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lower in the Portable condition (M = 8.63, 95% CI [7.51, 
9.75]) compared to Not Portable (M = 11.55, 95% CI 
[10.07, 13.02]). Frustration scores also decreased with the 
Portable design (M = 6.57, 95% CI [5.61, 7.54]) versus 
Not Portable (M = 9.02, 95% CI [7.72, 10.32]). In terms 
of spatial cognition experience, the Portable mini map led 
to higher performance, better layout perception, improved 

navigation, and enhanced collaboration. For instance, Lay-
out Perception scores increased with the Portable feature 
(M = 14.29, 95% CI [13.10, 15.47]) compared to Not Port-
able (M = 10.00, 95% CI [8.17, 11.83]), and Navigation 
scores were also higher (M = 15.21, 95% CI [14.17, 16.26] 
vs. M = 9.43, 95% CI [7.69, 11.17]).

Fig. 4   Mean normalized scores for NASA TLX and spatial cognition metrics with 95% confidence interval under 2D vs. 3D

Fig. 5   Mean normalized scores for NASA TLX and spatial cognition metrics with 95% confidence interval under tangible vs. not tangible
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Figure 4 illustrates that, under both the 2D and not 2D 
prototype conditions, the mean values and confidence 
intervals for Mental Demand, Physical Demand, Temporal 
Demand, Performance, Effort, and Frustration remain rela-
tively similar. In other words, introducing a 2D design does 
not appear to create a significant difference in users’ overall 
workload or performance.

Likewise, as shown in Fig. 5. comparing Tangible Object 
versus Not Tangible Object conditions reveals overlapping 
mean values and confidence intervals across all measured 
metrics. Specifically, Mental, Physical, and Temporal 
Demands, as well as Performance, Effort, and Frustration, 
exhibit similar ranges in both conditions. The same pattern 
emerges for Layout Perception, Navigation, Collaboration, 
and Completion Time, demonstrating no clear separation of 
values. Consequently, employing a Tangible Object design 
does not yield distinctly higher or lower mean scores com-
pared to a Not Tangible Object approach.

6 � Thematic analysis

In the thematic analysis, four primary categories emerged: 
usability, navigation, visibility, and collaboration. Each 
reflects distinct aspects of participants’ experiences with 
the mini map designs. As shown in Table 4, the raw data 
was processed following thematic analysis methods and then 
concluded into themes.

•	 Usability refers to the ease with which participants could 
interact with and manipulate the mini maps to achieve 
their goals. This theme captures both positive and nega-
tive experiences related to user interaction.

•	 Navigation includes participants’ ability to locate them-
selves, others, and task-related objectives within the vir-
tual environment. This theme reflects directional clarity, 
spatial orientation, and task efficiency.

•	 Visibility refers to the clarity and accessibility of the mini 
maps, including how well participants can see and inter-
pret map elements.

•	 Collaboration refers to how mini maps supported or 
obstructed teamwork and communication between par-
ticipants

The results presented below explain how potability, 
dimensionality and tangibility influenced each of the iden-
tified themes according to the qualitative data collected dur-
ing the experiment. The purpose of the results is to see the 
impact of design features on user experience.

6.1 � Impact of portability

Portable mini maps were the most flexible design, especially 
for enhancing usability and navigation. The adaptability of 
portable mini maps allowed participants to control the posi-
tion of the map dynamically allowing them to adapt it to 
different situations. For example, participants mentioned 
that they could “bring the map into focus” and “reorient it 
manually with my hand”, which made tasks smoother and 
more intuitive.

Usability was negatively influenced when participants 
needed to multitask. Some participants found that it was 
“confusing to use the left hand for the map while holding an 
object with the right”. Other participants reported that “Tog-
gling the map while performing tasks was not a pleasant 
experience.” There was more friction when participants had 
to do navigation and object manipulation at the same time. 
In terms of navigation, portable mini maps were praised 
for helping one locate oneself or teammates. Participants 
said that being able to “describe directions as left or right to 
the other person” and “move quickly to the required areas” 
However, occasional issues with alignment and orientation 
were noted, particularly when participants needed to multi-
task while viewing the map.

Table 4   The process of the thematic analysis on the raw data collected from the 60 validated data collection session from industrial practitioners

Design feature Matched themes Selected raw data example

Portability (mini map A, B and E) Usability “It was easy to bring the map to my view, and I could reorient it with my hand.”
Navigation “Being able to describe directions as left or right to the other person.”
Usability “I had to close the tablet after grabbing to teleport – not easy to multitask.”

2D (mini map A, C, D and E) Visibility “2D view feels easier to handle and see where my partner is.”
Navigation “Only 2D can be hard to understand.”

3D (mini map B) Navigation “The 3D map gave me a better perception of the layout and helped me orient faster.”
Visibility “The map size was too big and obstructed my view, making it hard to multitask.”

Tangibility (mini map A, B and D) Usability “I had to move physically closer to the map to see it, which took more effort.”
Navigation “Finding my way around with this map was a bit harder to remember. Had to review 

my location and reorient myself to the map.”
Collaboration “It was easy to show where my colleague was and discuss the next steps.”
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6.2 � Impact of Dimensionality

Participants described 2D maps as “easier to handle” and 
noted that the 2D layout “made it easier to see where I and 
my partner were located.” These strengths facilitate faster 
navigation in simpler tasks. However, limitations in spatial 
awareness were evident, with participants mentioning that 
the maps “lacked depth perception” and that it was “harder 
to understand complex layouts”. A recurring suggestion was 
the inclusion of a “zoom option” to enhance usability.

On the other hand, 3D enhanced the navigation. 3D maps 
were praised for providing a “better perception of the layout” 
and “helping me orient myself faster.” However, usability 
and visibility challenges arose due to their size and complex-
ity. Participants reported that the maps were “too large and 
obstructed the view” and noted difficulties when toggling 
between map and task views. As one participant stated, “the 
map upon toggling was fixed on screen, and I had to physi-
cally move my head to see over it.”

6.3 � Impact of Tangibility

Participants improved navigation. For example, one par-
ticipant described the maps as “good for referencing spatial 
locations,” while another noted that they were able to “verify 
if I got where I intended to go.” However, usability issues 
were frequently mentioned. Unlike portable maps, real-
world maps were often stationary, requiring users to “physi-
cally step closer or teleport” to interact with them, which 
increased physical effort and interrupted task flow. This lack 
of adaptability limited their effectiveness for dynamic tasks. 
In terms of visibility, placement was another concern, with 
participants noting that “the map was too high up” or “out 
of reach” during critical moments.

7 � Discussion

7.1 � Universal Design principles across user groups

The mixed-design ANOVA results provide compelling 
evidence for identifying universal design principles that 
transcend the experience level of users in virtual naviga-
tion systems. Our analysis reveals that portability emerges 
as the most impactful design feature, with significant effects 
across nearly all mental and performance and spatial cogni-
tion experience metrics.

Portable minimaps significantly reduced mental 
demand (p < 0.001, η2 = 0.35), physical demand (p < 0.001, 
η2 = 0.27), temporal demand (p = 0.01, η2 = 0.26), and 
frustration (p < 0.001, η2 = 0.30), while simultaneously 
enhancing layout perception (p < 0.001, η2 = 0.43), navi-
gation (p < 0.001, η2 = 0.53), and collaboration (p < 0.001, 

η2 = 0.28). The consistently large effect sizes (η2 > 0.14) 
indicate that portability has substantial practical significance 
beyond statistical significance. This suggests that regard-
less of user expertise, portable mini maps reduce cognitive 
workload while enhancing spatial understanding-a universal 
design principle that benefits all users. Such outcomes align 
with mental workload theory, which suggests that minimiz-
ing extraneous mental demands allows users to allocate more 
resources toward effective navigation and decision-making 
(Sweller 1988, as well as avoid multitasking, especially 
interruptions, which can negatively impact performance 
due to higher mental workload (Mcmullan et al. 2021). The 
resulting improvements in layout perception, navigation, and 
collaboration under portable conditions indicate that fluid, 
user-controlled interfaces help users form clearer mental 
models of the environment, ultimately supporting better 
spatial understanding and task efficiency.

In contrast, dimensionality showed more selective effects, 
significantly impacting only layout perception (p = 0.03, 
η2 = 0.21) and completion time (p < 0.001, η2 = 0.41). Inter-
estingly, non-dimensional (likely 2D) maps yielded worse 
layout perception, while 3D dimensional maps resulted 
in shorter completion times. This suggests that simplicity 
in representation may facilitate quicker comprehension of 
spatial layouts, though this benefit appears more context-
dependent than portability. This observation contradicts with 
previous research that associated complex map features, such 
as 3D elements, with increased mental workload (Oulasvirta 
et al. 2009). Notably, 2D configurations did not consistently 
outperform their 3D counterparts, which is unexpected due 
to the initial assumption that a simpler design inherently 
reduces mental workload.

Tangibility demonstrated no significant main effects on 
any measure, suggesting it may be the least critical design 
feature among those tested. These finding challenges 
assumptions that tangible elements necessarily enhance 
navigation in VR environments.

7.2 � User group differences and design implications

Our results revealed substantial differences between students 
and industrial practitioners across several metrics. Indus-
trial practitioners consistently reported lower mental demand 
than students across all design features (all p < 0.05), with 
particularly pronounced differences in effort ratings (all 
p < 0.001, η2 = 0.56–0.65). This indicates that expertise sig-
nificantly reduces perceived cognitive workload regardless 
of interface design-an important consideration when design-
ing for mixed-expertise user populations.

This finding prompts a nuanced discussion regarding the 
interaction between domain expertise and interface design 
quality. Our results indicate that industrial practitioners, with 
their specialized knowledge, can effectively compensate for 
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suboptimal interface designs, even as portability consistently 
emerged as the most beneficial design feature for reducing 
mental workload across all participants. However, while 
students demonstrated positive responses to portable mini 
maps, their patterns of interaction were less pronounced than 
those of experts.

This observation presents an important consideration 
for VR interface design: experts may perform adequately 
even with less-than-optimal interfaces due to their domain 
knowledge, while novices may not fully benefit from isolated 
design improvements. Rather than suggesting that a single 
design feature can universally address usability challenges, 
our findings indicate that comprehensive interface design 
strategies may be particularly critical for novice users, who 
cannot rely on expertise to overcome interface limitations. 
This highlights the importance of considering user expertise 
levels when prioritizing design features in VR navigation 
systems.

However, despite these group differences, both students 
and practitioners showed similar patterns of response to 
the portable feature, underscoring its universal benefit. The 
absence of significant interaction effects between portability 
and user groups for many metrics (like navigation and lay-
out perception) further supports the conclusion that portable 
design benefits transcend expertise levels.

7.3 � Academic contributions—pattern recognition 
in VR during navigation

Through experimental implementation, our study expands 
the theoretical understanding of mental workload in VR by 
pinpointing portability as the primary driver to enhance user 
performance. We also provide empirical evidence that user-
controlled interfaces enhance pattern recognition and spatial 
cognition, enabling users to intuitively process environmen-
tal layouts. This aligns with dual-process theories of cogni-
tion, where streamlined information flow—from encoding 
to decision-making—bolsters efficiency (Kahneman 2011). 
Different from earlier research that focuses solely on visual 
complexity, our findings highlight the value of minimizing 
extraneous mental workload through portable interfaces, 
offering a new opportunity for the study of cognitive ergo-
nomics in VR.

From a methodological standpoint, our approach of com-
bining NASA-TLX assessments (Hart & Staveland 1988), 
with prototype-based experiments provides a robust blue-
print for refining theoretical frameworks in future industrial 
VR interface design, which can isolate the effects of specific 
design elements. Future investigation could include potential 
age- or gender-related disparities or examine the adoption of 
advanced input modalities—such as hand tracking, for more 
natural user interactions.

7.4 � Practical Implications

From a behavioral design perspective, our results demon-
strate that portability in mini map designs is the primary 
factor in reducing cognitive workload, which aligns with 
established strategies to combat decision fatigue in digi-
tal interfaces (Fogg 2009). The significantly lower mental 
demand, physical demand, and frustration scores for port-
able designs validate approaches that prioritize user con-
trol and accessibility. Based on our empirical findings, we 
propose several practical implications for universal design:

Prioritizing Spatial Control and Flexibility: The strong 
performance of portable mini maps across both user 
groups suggests that allowing users to reposition interface 
elements significantly reduces cognitive load. This aligns 
with Norman’s (1988) principles that emphasize user con-
trol and freedom. Designers should prioritize interactive 
positioning capabilities in VR navigation tools, particu-
larly in complex environments like factory layouts where 
spatial orientation is critical.
Optimizing Representational Fidelity: Our findings that 
3D maps (not 2D) improved layout perception (p = 0.03, 
η2 = 0.21) and reduced completion time (p < 0.001, 
η2 = 0.41) challenge assumptions about simplicity always 
being preferable. This suggests that appropriate contex-
tual representation that matches the task environment may 
be more important than minimizing visual complexity. 
Designers should consider matching representational 
fidelity to the cognitive requirements of specific tasks.
Addressing Expertise Differences: The significant differ-
ences between students and industrial practitioners across 
several metrics highlight the importance of accommodat-
ing varying levels of domain knowledge. While indus-
trial practitioners consistently reported lower mental 
demand than students, both groups benefited from port-
able designs, indicating that well-designed interfaces can 
benefit users regardless of expertise level. This supports 
Marcus’s (2009) recommendations for adaptable inter-
faces that accommodate different user capabilities.
Implementing Iterative Testing with Diverse Users: Our 
mixed-design methodology demonstrated the value of 
testing with both novice and expert users to identify uni-
versal design principles. As seen in our results, features 
that significantly reduced workload for both groups (like 
portability) represent the most robust design choices. This 
validates the approach of continuous A/B testing with 
diverse user groups recommended by researchers in VR 
prototyping (Freina and Ott 2015).

In summary, our empirical results advance practical VR 
interface design by demonstrating that portable, contextu-
ally appropriate representations can significantly reduce 
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cognitive workload while enhancing spatial understanding 
and task performance. These findings provide concrete guid-
ance for developing VR navigation tools that balance usabil-
ity with task appropriateness across different user expertise 
levels.

7.5 � Limitations

While these findings are robust, several limitations must be 
acknowledged. While our mixed-design ANOVA provides 
robust evidence for these conclusions, several limitations 
should be considered. The expertise discrepancy between 
students and industrial practitioners introduces a potential 
confound that future studies should address through more 
controlled expertise matching. Additionally, the differential 
exposure to mini maps (three for students, five for practi-
tioners) may have influenced results, though our analytical 
approach was designed to mitigate this concern. Gender 
diversity among industry participants was limited, poten-
tially affecting the generalizability of the results. Although 
pilot tests did not show clear gender differences, a more bal-
anced sample might reveal subtle variations. Age diversity 
was also not fully explored, and reliance on self-reported 
NASA-TLX data and uneven distribution of design fea-
tures may limit the comprehensiveness of the study. A more 
controlled experimental setup, integrating additional vari-
ables and ensuring balanced prototype distributions, would 
strengthen future investigations.

Another set of limitations could originate from the design 
and development of the mini maps themselves. Design 
parameters not yet discussed in this paper could have had 
potential effect on the results or subjective evaluation of the 
mini maps by the participants. For instance, the size and 
dimensions of the different mini maps varied, which could 
have impacted how the participants perceived them. Fur-
thermore, the positioning, look, size and transparency of 
the different mini maps could have an effect on the field of 
view (FOV), visibility or general liking by the participants. 
A methodological enhancement for future studies would 
be to implement a parametric evaluation approach, where 
participants directly rate the individual design features on 
standardized scales rather than evaluating complete mini 
map prototypes with predetermined feature combinations 
(e.g., "mini map A with portability level 1"). This approach 
would facilitate more precise isolation of design feature 
effects and potentially reveal interaction effects between 
specific parameters, thus providing more granular insights 
for interface design optimization in VR navigation systems.

7.6 � Future Research

Future research should explore how these design prin-
ciples transfer to different VR contexts beyond factory 

maintenance and whether the dominance of portability 
as a design feature persists across varied task domains 
and use cases. Longitudinal studies examining how these 
effects might change with increased user familiarity would 
also provide valuable insights for designing interfaces that 
evolve with user expertise for universal design principles.

8 � Conclusion

This study systematically investigated how specific mini 
map design features-portability, dimensionality, and tan-
gibility-influence mental workload and spatial cognition 
during collaborative navigation tasks in VR. By employ-
ing a mixed-design ANOVA and drawing on both quanti-
tative (NASA-TLX, spatial cognition metrics) and qualita-
tive (user interviews) data, we were able to assess the main 
and interaction effects of these features across student and 
industrial practitioner groups. The results clearly demon-
strate that portability is the most impactful design feature, 
consistently reducing mental and physical workload while 
enhancing spatial understanding, navigation, and collabora-
tion for both novice and expert users. Dimensionality (2D vs. 
3D) showed more selective benefits, with 3D maps support-
ing better layout perception and faster task completion, sug-
gesting that richer spatial representations can facilitate more 
efficient navigation in complex environments. Tangibility, by 
contrast, did not yield significant improvements in workload 
or spatial cognition, indicating that not all interactive fea-
tures contribute equally to user experience or performance. 
Importantly, while industrial practitioners generally reported 
lower workloads and completed tasks more efficiently than 
students—reflecting the role of expertise groups benefited 
similarly from the introduction of portable mini maps. This 
suggests that well-designed interface features can provide 
universal benefits, regardless of user background.

In summary, our findings advance the understanding 
of cognitive ergonomics in VR interface design with an 
empirical study, emphasizing the value of portability and 
appropriate dimensionality for supporting effective navi-
gation and collaboration for human-centric applications 
in the era of Industry 5.0. These insights offer practical 
guidance for designers and developers aiming to create 
intuitive, efficient, and user-centered VR systems for both 
industrial and educational applications. Future research 
should further explore the interplay of additional design 
parameters and user characteristics to refine universal 
design principles for immersive environments.
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