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Abstract: Background: Head-mounted displays (HMDs) offer compelling virtual and augmented experiences, yet
their influence on everyday accuracy and efficiency is not fully understood. In particular, video see-through (VST)
and optical see-through (OST) devices may introduce perceptual distortions that degrade performance. Methods:
We compared a VST HMD (Meta Quest 3) and an OST HMD (Microsoft HoloLens) in two representative motor
tasks: dart throwing (far-field interaction) and bottle filling (near-field interaction). Eighty volunteers were split
into two experiments, each using one HMD type. Every participant performed both tasks twice—once with the
assigned HMD and once with normal vision. Completion time, dart-board error, water-level deviation, and self-
reported visual-discomfort symptoms (eyestrain, blurred vision, nausea) were recorded. Results: Wearing either
HMD lengthened task completion and reduced precision relative to the naked-eye baseline. Dart throws landed
farther from the bullseye and showed greater score variability under HMD conditions. In the bottle-filling task,
participants overfilled more frequently and deviated further from the target water level when using an HMD. Mild
visual discomfort was reported by some users, whereas severe symptoms were rare. Conclusions: Both VST and
OST HMDs can impose perceptual and cognitive demands that impair speed and accuracy in common near- and far-
field activities. Refining calibration procedures and real-time visual feedback may mitigate these effects; broader

studies across diverse user groups and task domains are warranted.
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1 Introduction

The evolution of virtual reality (VR) and augmented reality
(AR) technologies from cumbersome, tethered systems to to-
day’s sleek, self-contained head-mounted displays (HMDs)
underscores significant strides in this field [Carmigniani
et al., 2011]. Initially, these systems were limited by their
size, dependency on external computing resources, and re-
stricted mobility. However, advancements in miniaturiza-
tion and computing power have transformed VR and AR into
a versatile tool equipped with dedicated hardware. These
compact HMDs offer users a high degree of freedom and en-
able a more immersive interaction, frequently with digitally
augmented surroundings.

As investments in HMD technology continued, develop-
ers explored and implemented diverse approaches to apply-
ing VR and AR. This led to the development of two main
types of systems: video see-through (VST) and optical see-
through (OST). VST systems use cameras on the HMD to
capture and digitally enhance real-world images with virtual
overlays, known for their flexibility and ease of integration
with existing devices, leading to widespread adoption in var-

ious applications. In contrast, OST systems allow users to
view the real world directly through transparent lenses that
also project digital content, seamlessly merging digital and
physical elements[Rolland and Fuchs, 2000].

However, the technological complexity and cost of produc-
ing high-quality transparent displays that operate in a vari-
ety of lighting conditions make OST systems generally more
expensive and less commercially viable than VST systems
[Zhan et al., 2020]. This economic aspect has driven the
broader adoption of VST technology in commercial products,
where cost-effectiveness is paramount. Devices such as Meta
Quest 3! utilize VST AR to offer an immersive experience
at a consumer-friendly price point, further cementing VST’s
position as the financially viable option for both developers
and users.

Large companies have gradually been introducing their in-
novations in VST HMD devices with mixed reality to the
market. Among the highlights are Apple with its Vision Pro?
and Meta with the Quest line, both known for their signif-

Uhttps://www.meta.com/quest/quest-3/. Access on 23 June 2025
Zhttps://www.apple.com/apple-vision-pro/. Access on 23 June 2025
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icant investments in research and product development of
high quality. It is important to note that while Apple posi-
tions Vision Pro as a luxury product, Meta offers the Quest
line at a more intermediate price, making it more accessible
to the average consumer. This price differentiation not only
reflects the distinct market strategies of the companies but
also contributes to the democratization of technology, facil-
itating access to mixed reality for both developers and the
general public, and expanding its use beyond traditional in-
dustrial applications.

This progression has broadened the practical applications
of VR and AR and deepened its impact across various sec-
tors. Today, VST is increasingly being integrated into fields
such as healthcare, for surgical aids and patient care; manu-
facturing, for assembly and training; and education, where it
enriches learning by superimposing educational content into
the real world [Garcia-Robles et al., 2024; Yang et al., 2023;
AlGerafi et al., 2023]. Current trends show a move towards
even greater ubiquity of AR technologies, driven by their
ability to provide enhanced visual context and real-time in-
formation, which is crucial for precision and efficiency in
professional and everyday activities.

According to the Review of the 2nd Decade of ISMAR
[Kim et al., 2018], it is noticeable that there are various re-
search efforts aimed at improving the technologies of VST
AR devices, addressing issues such as latency, comfort, in-
teraction, and presence [Kim et al., 2018]. However, despite
many studies validating the implementation of these advance-
ments, there is no consistent research method that collabora-
tively evaluates all the applied advancements. In this con-
text, it is evident that there is a lack of materials that assess
whether the solutions implemented so far deliver an adequate
level of precision and accuracy for activity execution.

Given that commercial VST HMD devices are developed
as general-purpose products, lacking a framework specifi-
cally dedicated to professional applications and featuring a
complex calibration technique [Cattari et al., 2020], should
we dismiss any hypothesis of use for specific purposes? Eval-
uating the level of influence on precision and accuracy that
HMDs can cause is very important for understanding the lim-
itations that the technology still presents. Thus, it is essential
to define the level of applicability of that particular device to
certain applications in assisting technical activities.

From this issue, it is noted that there are studies already
evaluating perception and action in HMD devices, assess-
ing depth perception using the VST approach [Ballestin
et al., 2018] and assessing the application of the same de-
vices in high-precision tasks, involving object handling ac-
tivities [Cattari et al., 2020]. However, there is a scarcity
of research that evaluates these modalities in a unified man-
ner, especially with recent commercial devices that introduce
VST/OST as one of their main technological features.

The objective of this paper is to assess the influence of
using VST and OST HMD devices on user perception and
accuracy during activity execution. To achieve this goal, an
experiment consisting of two stages was proposed to describe
the manipulation of objects based on their proximity to the
user, commonly used in extended reality (XR) technologies
[Figueiredo et al., 2018]. The first stage considered far-field
interaction (FFI) through the activity dart game. The second
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stage considered near-field interaction (NFI) through the ac-
tivity “bottle handling”. The details of the experiment are
described in section 3, while the collected data are presented
in sections 4 and 5. Section 6 presents a comparison among
the experiments, while section 7 provides a statistical anal-
ysis on the data collected. Finally, section 8 contains the
discussions along with the conclusions reached.

2 Related work

Recent studies have underscored the critical distinctions be-
tween VST and OST devices, revealing significant implica-
tions for user interaction and performance.

2.1 User Interaction and AR Frameworks

A study comparing VST and OST AR devices identified
significant differences in user perception and action within
peripersonal space. The study used two types of HMDs: the
Meta2 from Metavision with a built-in depth sensor (OST
AR device) and the Samsung Galaxy S6 with Google Card-
board (VST AR device), which uses a virtual representation
to indicate the user’s hand position. The results revealed
a significant difference, with VST users showing a consis-
tently reduced ability to estimate depth without additional
feedback. In contrast, OST users recorded relatively more
accurate depth perception. This research demonstrated that
OST devices generally offer better accuracy in depth percep-
tion and result in fewer user errors during tasks, while VST
devices are associated with increased cybersickness. Accord-
ing to the authors, these findings are crucial for the future de-
velopment of AR applications, emphasizing the importance
of proper feedback on the position and depth of virtual ob-
jects to enhance user interaction and immersive experience
in virtual environments (VE) [Ballestin et al., 2018].

Ballestin e al. [2021] developed a generalized framework
to co-localize real and virtual elements for AR applications,
supporting both VST and OST headsets. The research in-
cluded quantitative comparisons through experiments, re-
vealing that OST devices offer more accurate depth percep-
tion and induce fewer motion sickness symptoms than VST
devices. This framework allows the use of different types
of headsets, including the Vive Pro (VST) and Meta2 from
Metavision (OST), as well as various tracking systems. The
study also investigated the link between perception and inter-
action in Egocentric Augmented Reality, enabling a person-
alized experience for the user by adapting perspective and
context to them. The findings provide a baseline for future
studies in the field, highlighting how different AR technolo-
gies impact user interaction and spatial perception [Ballestin
etal., 2021].

2.2 VST vs. OST in Precision Tasks

To determine which see-through technology (OST or VST)
better facilitates high-precision manual tasks, this paper de-
tails two conducted studies. These studies utilized an ad-
vanced OST (Microsoft HoloLens) and a tailor-made VST
HMD, respectively. With four test modalities, monocular
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and binocular naked-eye (NEmon and NEbin), and monoc-
ular and binocular AR guidance (ARmon and ARbin), this
comparative study on wearable AR visors for high-precision
manual tasks revealed that VST-HMDs outperform OST de-
vices in terms of accuracy and user satisfaction. While OST
devices exhibited significant errors in precision tasks, the
VST devices showed minimal discrepancy between planned
and executed tasks, along with higher user comfort and us-
ability. These findings suggest the superiority of VST de-
vices for applications demanding high precision and reliabil-
ity [Cattari et al., 2020].

2.3 Visual Fatigue and Spatial Perception

Gao et al. [2019] investigated human perception differences
between real and AR scenes viewed through OST-HMDs and
identified significant visual and operator fatigue induced by
AR content. The research utilized a custom OST device by
Beijing Institute of Technology, heart rate variability (HRV)
and electrooculography (EOG) measurements to assess fa-
tigue, subjective questionnaire scores were collected both
before and after the tasks, complemented by additional ob-
jective measurements. In this study, significant differences
were observed between two tasks in subjective scores and
blink rates, indicating both operator and visual fatigue. The
study presented initial findings that virtual tasks increased
operator fatigue, as indicated by HRV metrics, while real ob-
ject tasks caused less fatigue, potentially mitigated by men-
tal workload in later sessions. Time-dependent effects were
observed, with decreases in critical flicker frequency (CFF)
values highlighting sensory perception decline. Notably, in-
creases in blink duration and delays after virtual and real
tasks respectively pointed to visual fatigue. These findings
underscore the need for further research into task-related fa-
tigue, particularly through various HRV metrics as potential
indicators [Gao et al., 2019].

In a comprehensive study on human spatial perception,
Cutting [1997] outlines three main objectives, firstly, analyz-
ing how we perceive cluttered spaces around us, secondly,
examining the evolution of representational art through the
lens of optics and psychology rather than history, and thirdly,
applying these understandings to enhance VR systems. The
discussions span from detailing depth perception within di-
rected perception theory to addressing how we simulate and
perceive VE effectively. Our perception of the cluttered
space around us varies and can be categorized into three
overlapping egocentric spaces, personal space (up to about
1.5 meters), action space (1.5 to 30 meters), and vista space
(beyond 30 meters). Personal space is perceived as nearly
Euclidean, while action and vista spaces are largely affine,
subject to depth distortions. Factors like modern transporta-
tion, environmental changes, individual differences, and vi-
sual technologies affect how these spaces are perceived. This
has significant implications for the design of AR/VR sys-
tems, particularly in ensuring accurate spatial judgments in
VE.
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2.4 Device-Specific Depth Perception

In their study, Adams et al. [2022] explored depth percep-
tion in AR by comparing VST and OST displays, particu-
larly focusing on how virtual objects are perceived in the
context of the real world using two state-of-the-art devices:
the Microsoft HoloLens 2 (OST) and the Varjo XR-3 (VST).
The study also examined the effect of shadow presence on
distance judgments, finding a small yet statistically signifi-
cant improvement. This research underscores the influence
of device characteristics on spatial perception in AR, high-
lights the importance of understanding these effects to en-
hance AR application development and claims to be the first
to utilize absolute distance perception measures with these
devices, contributing to the understanding of depth percep-
tion in AR [Adams ef al., 2022].

2.5 AR and VR in Professional Fields

The critical review of VR and AR applications in construc-
tion safety made by Li ef al. [2018] provides a thorough
analysis of the achievements and challenges in the field. It
highlights the effective use of VR/AR for hazard identifica-
tion, safety training, and inspections, along with their role in
simulating dangerous construction scenarios and improving
safety protocols. The review also emphasizes the necessity
for standardized tools and the integration with other infor-
mation and communication technology (ICT) tools, safety
science, ergonomics, and psychology to innovate and solve
complex safety challenges. The importance of multidisci-
plinary research is also underlined, combining insights from
construction engineering, safety science, ergonomics, and
psychology to drive future innovations in VR/AR construc-
tion safety.

In their study on VR technologies for clinical education,
Mehrfard et al. [2021] evaluated various VR HMDs based on
clinical application metrics, focusing on image quality and
comfort which are crucial for immersion. Factors such as VR
image quality, heat development, tracking stability, weight,
and compatibility with glasses were evaluated for their im-
pact on user comfort. The discussion primarily centers on
these top three HMDs utilized in the multi-user study for de-
tailed analysis. The Samsung Odyssey+ was selected over its
predecessor due to significant overall improvements, which
led to its inclusion in the multi-user study to assess these en-
hanced models and the HTC Vive Pro excelled in ergonomics
and comfort, while Oculus Rift S demonstrated superior text
readability. The study delved into the significance of met-
rics such as heat management, neck strain, and hygiene for
VR usability in clinical training environments, emphasizing
the need to balance technical performance with user com-
fort to ensure effective deployment in healthcare settings. In
medical VR deployment, certain features like stable tracking,
adjustable adult inter pupillary distance (IPD), and glasses
compatibility are essential across all applications. However,
other factors vary by specific use; for example, managing
heat development is critical for lengthy training sessions but
less so for shorter ones. Additionally, while general VR im-
age quality is important, scenarios involving radiological im-
ages demand displays with excellent contrast to meet the pre-
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cise needs of surgical environments.

2.6 Conclusion

The studies evaluated in this section on AR and VR technolo-
gies utilized a variety of HMDs, as shown in Table 1, to in-
vestigate their effects on user perception, performance, and
application-specific outcomes. Among these, VST and OST
devices were prominently featured. VST devices, such as
those using Google Cardboard combined with smartphones,
and custom VST HMDs, demonstrated superior accuracy
and user comfort in high-precision tasks. In contrast, OST de-
vices like the Meta 2 and Microsoft HoloLens were evaluated
for their depth perception and interaction accuracy. The stud-
ies revealed that OST devices generally offer better depth
cues and induce fewer cybersickness symptoms compared
to VST devices. Additionally, specific VR HMDs such as
the HTC Vive Pro and Oculus Rift S were assessed for their
ergonomics and suitability in clinical education, highlight-
ing their performance in terms of comfort and text readabil-
ity. These diverse evaluations underline the importance of
selecting the appropriate type of HMD based on the specific
requirements of the application, whether it be for enhanced
precision, reduced fatigue, or improved user experience in
AR and VR settings.

3 Experiments

To assess the influence of using VST and OST HMD de-
vices on user perception and accuracy during activity exe-
cution, two experiments consisting of two stages each was
conducted to describe the manipulation of objects based on
their proximity to the user. The first experiment comprised
the analysis of VST HMD devices, while the second one
the ananlysis of OST HMD devices. One stage of both ex-
periments considered FFI through the “dart game” activity.
Another stage considered NFI through the “bottle handling”
activity. The stages were performed twice: once using an
HMD device and once with unaided vision - naked eye (NE),
aiming to evaluate if there is any difference in execution. The
details of the experiment conducted are described as follows.

3.1 Participants

A total of 80 volunteers participated in both experiments (40
participants in each experiment), which 27 being women and
53 being men. In the VST HMD experiment, 15 (37%) vol-
unteers were women and 25 (63%) were men. Among the
volunteers, 65% were between the ages of 20 and 30, 28%
were between 30 and 40 years old, and less than 10% were
under 20 or over 40 years old, specifically 3% under 20 years
old and 5% over 40 years old. In the OST HMD experiment,
12 (30%) volunteers were women and 28 (70%) were men.
Among the volunteers, 63% were between the ages of 20 and
30, 20% were under 20, 12% were over 40 and 5% were be-
tween 30 and 40 years old.

The higher concentration of the participants up to 30 years
old reflects the university environment in which the tests took
place.
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In both experiments, data collection took place in a univer-
sity environment. The participants were randomly divided
into two groups, with an equal number of individuals in each
(20 participants). The distribution of research activities for
each group was carefully planned to allow for a compari-
son of the effects of using the HMD. In Group 1, the ac-
tivities were carried out in the following order: dart game
with HMD, followed by the same activity without HMD,
and bottle handling with HMD, followed by the same ac-
tivity without HMD. Group 2 performed the same activities,
but in reverse order regarding HMD use: they started with
the dart game without HMD, followed by the same activ-
ity with HMD, and bottle handling without HMD, followed
by the same activity with HMD. The study received ethi-
cal approval by UNIOESTE’s Ethical Committee (CAAE:
85927524.0.0000.0107).

3.2 Apparatus

During the research, we used specific materials for each ac-
tivity. For recording the volunteers during the execution of
the two activities and capturing images of the glasses, we
employed a camera. In the dart game activity, we used a
metallic target and magnetic darts, mounted on a tripod, as
illustrated in Figure 1. For the bottle handling activity, we
used three transparent acrylic cups, each with a capacity of
500 ml, as well as PET bottles of 500 ml, 1000 ml, and 2000
ml, and a ruler to measure the height of the liquid volume in
the cups, also shown in Figure 2. Additionally, a Meta Quest
3 HMD was used to perform part of the activities, operating
through VST for the first experiment, while for the second
experiment, a Microsoft HoloLens was used.

13ty

A) | - B) e

Figure 1. A) Dartboard already on the tripod; B) ’Set- of magnetic darts.

3.3 Tasks

To evaluate the interference of VST and OST devices, we
selected two activities with different object manipulation de-
mands: one that requires the participant to extend their in-
teraction space beyond their immediate physical space using
pointing and gaze control, classified as FFI through the ac-
tivity of dart game; and another activity that involves han-
dling objects within the participant’s immediate reach, typi-
cally within arm’s length, classified as NFI through the “bot-
tle handling” activity.

The dart game requires skills such as depth perception,
motor coordination, and aiming, serving as a relevant and
evidence-based method to explore precision and accuracy



How VST and OST Headsets Influence Task Execution

Domingues et al. 2025

Table 1. Devices used in related works

Devices Used

Paper

Meta 2, Google Cardboard

Vive Pro, Meta 2

A stereo OST-HMD, designed by the
Beijing Institute of Technology
Microsoft HoloLens, Custom VST HMD
N/A

HTC Vive Pro, Oculus Rift S, Samsung Odyssey+

Various VST and OST headsets
Microsoft HoloLens 2, Varjo XR-3

[Ballestin et al., 2018]
[Ballestin et al., 2021]
[Gao et al., 2019]

[Cattari et al., 2020]

[Cutting, 1997], [Li et al., 2018]
[Mehrfard et al., 2021]
[Ballestin et al., 2021]

[Adams et al., 2022]

Figure 2. A) PET bottles; B) Transparent acrylic glasses; C) Acrylic glasses
and bottles arranged in the activity.

[Ueyama and Harada, 2022]. On the other hand, bottle han-
dling, a more everyday activity, involves skills such as fine
motor coordination and muscle memory, requiring subtle ef-
forts so naturalized they often go unnoticed [Kolsanov et al.,
2020]. In this sense, we seek to verify the interference both
in a scenario that demands technical skill and in an everyday
activity performed with ease.

The “dart game” activity follows the parameters proposed
by the Darts Regulation Authority > (DRA), in this regard, it
positions the target center at a height of 1.73 meters from the
ground, while the volunteer is placed at a distance of 2.37
meters from the target. In this way, with the volunteer posi-
tioned, it is instructed that 10 attempts be made to hit the cen-
ter of the target, being as precise as possible. The attempts
count both hits and misses, and no additional attempts are
allowed in case of a miss.

The “bottle handling” activity positions the volunteer
standing in front of a table, on which six objects are placed:
three containers and three bottles. Each glass corresponds to
a bottle, with the containers holding 500 ml and the bottles
holding 500 ml, 1000 ml, and 2000 ml, respectively. The
glasses are positioned to the left and the bottles to the right

3https://www.thedra.co.uk. Access on 23 June 2025

of the table forming two parallel lines, with a space between
them. The bottles are arranged in ascending order, with the
smallest volume closest to the volunteer. Once the param-
eters of the activity are set and the volunteer is positioned,
they are instructed to fill the glasses halfway with the liquid
from the corresponding bottle, and after filling, return the
glass and the bottle to their initial position and state, with the
glass going back to the left and the bottle to the right with the
cap closed.

3.4 Questionnaires

We used two questionnaires: characterization questionnaire
and simulator sickness questionnaire (SSQ) [Kennedy ef al.,
1993]. The characterization questionnaire begins with ques-
tions to identify the volunteer, such as gender, age and dom-
inant arm. It also investigates the volunteer’s prior experi-
ence with HMD devices, including frequency of use. The
SSQ follow the established model to assess the intensity of
symptoms that may arise during the use of the HMD.

3.5 Procedure

The procedure was carried out according to the following
standard: the volunteers, consisting of undergraduate and
graduate students, faculty, and staff from the university, were
taken to a closed room with blue-white lighting and covered
windows. Initially, the purpose of the research was presented
to the volunteers, followed by detailed instructions on how to
perform the activities, all monitored by cameras. The choice
of the initial activity and whether the volunteer would start
with or without the HMD was made randomly.

In both experiments, each volunteer was initially guided
to perform the first activity, where they had ten attempts per
round to complete it, performing it twice, with and without
the use of the HMD, to ensure comparability of the results.
Between rounds, a break was required to reconfigure the set-
ting and take photos for documentation of the process. Once
the first activity was completed, the volunteer proceeded to
the second, following the same procedure.

Regardless of whether they started with or without the
HMD, after each session using the device, the volunteer an-
swered the SSQ questionnaire and had a five-minute break
before receiving the next instructions. At the end of all activ-
ities, a final characterization questionnaire was completed to
collect data relevant for statistical analysis.
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Figure 3. Darts without Quest 3 (A) and with Quest 3 (B); Bottles without Quest 3 (C) and with Quest 3 (D); Bottles without HoloLens (E) and with HoloLens

(F).

The room setting and the arrangement of the materials
were organized into two distinct spaces. In the first space,
the dart was fixed on a tripod, positioned according to DRA
parameters, and the spot where the volunteer was supposed
to stand in relation to the dart’s distance was marked on
the floor. In the second space, the bottles and glasses were
placed parallel on the table, with a mark on the floor indicat-
ing the center of the table to assist in the volunteer’s initial
position relative to the table.

3.6 Objective data

In this segment, we will outline the objective data collected
throughout the study. We will detail the specific parameters
measured, which include essential quantitative variables for
subsequent statistical analysis. These data form the empirical
basis upon which we evaluate the influences of augmented
reality devices on user accuracy and perception during the
execution of the proposed activities. Each activity had dif-
ferent parameters, with only the timing of execution, with
and without the HMD, being common to both.

Figure 4. Four score regions of the dartboard target.

To evaluate the dart game, the target is divided into four
concentric ringed zones, each represented by a vibrant color
that decreases in diameter as it approaches the center, as seen
in Figure 4. From the outer edge toward the center, the col-
ors are arranged in the following order: blue, red, yellow, and
green. The center, or bullseye, is highlighted in bright green.
This division serves to check at different circumferences, the
distance of the hit relative to the center of the target, measur-
ing the user’s hit accuracy in different areas. Darts that did
not hit the colored area of the target were classified as black.

To evaluate the activity of handling the cups, the fill height
in centimeters of water in the cup was measured. The goal
was to assess how close the volunteer came to the main ob-
jective of the activity, which was to fill half the volume of
the container.

4 Results of the VST Experiment

This section presents an analysis of two key parameters from
the conducted experiment: the time spent on the tasks and the
precision obtained.

4.1 Execution time analysis

The time taken to complete the tasks provides insights into
the efficiency and potential cognitive load associated with
each condition. In the dart game activity, the time was mea-
sured from the moment the participant throwed the first dart
to when tenth dart was thrown. In the bottle handling activity,
the time was measured from the start of the pouring action
to when the participant stopped. Generally, it was observed
that using the HMD resulted in longer task completion times
compared to the NE condition for both activities (Figure 5).
This increase in time might be due to the additional cognitive
and perceptual challenges imposed by the HMD.

Figure 6 provides some insights on the results of the ac-
tivities comparing male and female execution times. For the
darts activity, female participants took an average of 46.87
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Figure 5. Time taken by participants to perform activities using Quest3.

seconds without HMD (NE) and 50.27 seconds with HMD.
In comparison, male participants were faster, taking an aver-
age of 35.20 seconds (NE) and 47.60 seconds (HMD). In the
bottles activity, female participants took an average of 58.47
seconds (NE) and 65.53 seconds (HMD), whereas male par-
ticipants took 51.20 seconds (NE) and 58.52 seconds (HMD).
These results indicate that the use of HMDs generally in-
creased the time taken to complete both activities for both
male and female participants. Additionally, male partici-
pants consistently completed the activities faster than female
participants in both conditions (NE and HMD), suggesting a
potential difference in performance efficiency between gen-
ders.
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Figure 6. Time taken by male and female participants to perform activities
using Quest 3.
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4.2 Precision analysis

Figure 7 compares dart scores between male and female par-
ticipants under two conditions: NE and HMD. For female
participants, the NE condition resulted in a mean score of
18, with a standard deviation of 4.77. Under the HMD con-
dition, the mean score was 16.27, with a standard deviation
of 6.42. For male participants, NE yielded a higher mean
score of 21.64, with a standard deviation of 4.82. Under the
HMD condition, the mean score was 18.92, with a standard
deviation of 5.84.

The results indicate that male participants generally
achieved higher scores in both conditions, reflecting a higher
level of precision in the dart throwing activity. Addition-
ally, for both male and female participants, the NE condition
consistently resulted in higher mean scores compared to the
HMD condition. This suggests that participants, regardless
of gender, performed better in terms of precision when using
their naked eye rather than the HMD. The increased variabil-
ity and presence of outliers in the HMD condition further
imply that the use of HMDs may introduce challenges that
affect the accuracy and consistency of the task performance.
These findings highlight the potential impact of visual aids
on task execution and suggest that while HMDs offer immer-
sive experiences, they may also present perceptual difficul-
ties that can hinder performance in tasks requiring precise
spatial judgments.
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Figure 7. Male and Female scores for the “dart game”activity using Quest
3.

In addition, Figure 8 provides more information on the dart
scores for both NE and HMD conditions. In the image, it is
possible to note a slightly higher concentration of the darts
hitting more valuable zones (closer to the center of the target)
on the NE condition. It is important to state that 18.5% of the
darts on the NE condition did not hit the target, against 23%
of the darts in the HMD condition.

Figure 9 illustrates the results of the bottle experiment,
where participants were instructed to fill three transparent
glasses to half their height (approximately 6.5 cm of water)
using bottles of different volumes (500 ml, 1000 ml, and
2000 ml). The experiment was conducted under two condi-
tions: NE and HMD. The box plots represent the distribution
of the water height in the glasses for each condition and bot-
tle volume.
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Figure 8. Heatmap for both conditions (NE and HMD) on the dart throwing
experiment with Quest 3.

The data indicate that participants consistently overfilled
the glasses, with median heights above the target 6.5 cm mark
(indicated by the red dashed line) across all conditions and
bottle volumes. This overestimation was observed in both
the NE and HMD conditions. The variability appears to be
larger when participants used the HMD compared to the NE
condition, particularly for the 500 ml and 1000 ml bottles.
Using the HMD might introduce greater inconsistency in the
perception and estimation of the water level. The smallest
variability is observed in the NE (500 ml) condition, indicat-
ing more precise control in smaller bottles without the HMD.

Furthermore, the precision of filling appears to be in-
versely proportional to the bottle volume. As the bottle vol-
ume increases, the variability in the filled height increases, in-
dicating decreased precision. This trend is observed in both
NE and HMD conditions. Specifically, the NE (500 ml) con-
dition shows the least variability and highest precision, while
the HMD (2000 ml) condition exhibits the most variability
and lowest precision. This suggests that larger bottle vol-
umes pose a greater challenge for participants to accurately
estimate the water level (probably due to the heavier weight
of the bottle), leading to increased overfilling and variabil-
ity in the results. Overall, while participants tend to over-
fill the glasses regardless of the condition, the use of HMD
and larger bottle volumes negatively impact the accuracy and
consistency of the task. To determine the percentage preci-
sion difference between using the NE and a HMD for filling
glasses with water, we calculated the relative difference be-
tween the mean height of the water and the target height of
6.5 cm. This process involved taking the absolute difference
between the measured mean height and the target, dividing
it by the target height, and then converting this ratio to a per-
centage.

For the NE condition with a 500 ml bottle, the mean height
was 7.24 cm. The absolute difference from the target was
0.74 cm, resulting in a percentage difference of approxi-
mately 11.38%, versus a mean height of 7.48 cm, yielding an
absolute difference of 0.98 cm and a percentage difference of
about 15.08% to the HMD condition.

With the 1000 ml bottle, the NE condition had a mean
height of 7.53 cm, leading to an absolute difference of 1.03
cm and a percentage difference of roughly 15.85%. The
HMD condition for the 1000 ml bottle showed a mean height
of 7.67 cm, with an absolute difference of 1.17 cm, resulting
in an 18.00% difference.

For the 2000 ml bottle, the NE condition exhibited a mean
height of 7.58 cm. This represented an absolute difference of
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1.08 cm from the target, translating to a 16.62% difference.
Meanwhile, the HMD condition with the 2000 ml bottle had a
mean height of 7.86 cm, which was 1.36 cm above the target,
giving a percentage difference of approximately 20.92%.

The captured data revealed that using the naked eye gen-
erally results in lower percentage differences (higher preci-
sion) compared to using a HMD. Moreover, as the bottle vol-
ume increases, the precision tends to decrease, indicated by
higher percentage differences. This suggests that larger bot-
tle volumes and the use of HMDs both contribute to greater
inaccuracies in estimating the target water level, which are
also conclusions compatible to the previous paragraphs.

Figure 10 illustrates the dart scores achieved by partici-
pants across two attempts. As expected, these results suggest
that participants performed better on their second attempt,
regardless of whether they were using NE or HMD. The
improvement in scores from the first to the second attempt
highlights a learning effect, where participants likely became
more familiar with the task and adjusted their strategies ac-
cordingly. This trend of performance enhancement across
repeated trials is consistent with existing research on skill
acquisition and practice effects, where initial attempts often
serve as a learning phase, leading to improved outcomes in
subsequent trials. This justifies why we opted to test using
alternately, starting experiment of a group using the HMD
and another group without using it.

Figure 11 illustrates the height of water achieved by par-
ticipants when filling glasses across two attempts, segmented
by the volume of the bottles used: 500 ml, 1000 ml, and 2000
ml. Each volume category is further divided into the first and
second attempts, enabling a comparison of depth perception
improvement over repeated trials. These results indicate that
the second attempt generally led to an improvement in par-
ticipants’ depth perception, as evidenced by the more consis-
tent heights closer to the target height of 6.5 cm (indicated
by the red dashed line). This improvement is observed inde-
pendently of whether participants were using NE or HMD.

4.3 SSQ answers

The first SSQ was administered to identify whether the vol-
unteers experienced symptoms in their daily lives, such as
fatigue, headache, eye strain, difficulty maintaining focus,
nausea, difficulty concentrating, a sensation of a heavy head,
blurred vision, and dizziness with eyes open. In sequence,
we detail the results obtained for each symptom (Figure 12).
The data indicate that most volunteers rarely or never expe-
rience significant symptoms related to the daily use of HMD
VST devices. Symptoms such as nausea and dizziness with
eyes open were less frequent, with most participants indicat-
ing they never experienced them (70.0% and 67.5%, respec-
tively). However, symptoms such as fatigue, eye strain, and
difficulty concentrating were more prevalent, with a signifi-
cant percentage of volunteers reporting frequent experiences
of these symptoms (42.5%, 35.0%, and 25.0%, respectively).
These results suggest considering such symptoms when eval-
uating the influence of using HMD VST devices in daily and
precision activities.

The second SSQ checked whether the volunteers experi-
enced symptoms after using the HMD during the dart game
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Figure 10. First vs second attempt for both NE and HMD using Quest 3 in
the ‘dart game” activity.

activity. Below are the results for each evaluated symptom.
The results of the second questionnaire (Figure 13) indicate
that most volunteers did not experience significant symp-
toms after using the HMD during the dart-throwing activity.
Symptoms such as nausea and dizziness with eyes open were
reported by a small percentage of participants (92.5% and
82.5% indicated not feeling these symptoms, respectively).
The most frequent symptoms were eye strain and blurred vi-
sion, with 35.0% and 37.5% of volunteers reporting weak
symptoms, respectively. This suggests that, although most
volunteers did not experience severe symptoms, using the
HMD can cause mild visual discomfort in a significant por-
tion of the participants.

The third SSQ was administered to check whether the vol-
unteers experienced symptoms after using the HMD during
the bottle-handling activity. The results (Figure 14) indi-
cate that most volunteers did not experience significant symp-
toms after using the HMD during the bottle-handling activity.

Symptoms such as nausea and dizziness with eyes open were
reported by a small percentage of participants (90.0% and
82.5% indicated not feeling these symptoms, respectively).
The most frequent symptoms were eye strain and blurred vi-
sion, with 37.5% and 40.0% of volunteers reporting weak
symptoms, respectively. This suggests that, although most
volunteers did not experience severe symptoms, using the
HMD can cause mild visual discomfort in a significant por-
tion of the participants.

The data from the three SSQs show that most volunteers
did not experience significant symptoms in daily life and
during the experimental activities using the HMD. However,
some symptoms such as eye strain, blurred vision, and diffi-
culty maintaining focus were reported more frequently after
use.

5 Results of the OST Experiment

This section presents an analysis of two key parameters from
the conducted experiment: the time spent on the tasks and the
precision obtained.

5.1 Execution time analysis

The time to complete the tasks and the cognitive load associ-
ated with each condition were measured in the same way as in
the first experiment (VST HMD) described in subsection 4.1.
Generally, it was observed that using Microsoft HoloLens re-
sulted in longer task completion times compared to the NE
condition for both activities (Figure 15). This increase in
time might be due to the additional cognitive and perceptual
challenges imposed by HoloLens.

Figure 16 provides some insights on the results of the ac-
tivities comparing male and female execution times. For the
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Figure 11. Depth perception of first and second attempts for both NE and HMD using Quest 3 in the “bottle handling” activity.

darts activity, female participants took an average of 41 sec-
onds without HoloLens (NE) and 44 seconds with HoloLens.
In comparison, male participants were slower, taking an av-
erage of 47.5 seconds (NE) and 49 seconds (HoloLens). In
the bottles activity, female participants took an average of
57.50 seconds (NE) and 59.50 seconds (HoloLens), whereas
male participants took 61.50 seconds (NE) and 71.50 sec-
onds (HoloLens). These results indicate that the use of Mi-
crosoft HoloLens generally increased the time taken to com-
plete both activities for both male and female participants.
Additionally, female participants consistently completed the
activities faster than male participants in both conditions (NE
and HoloLens), suggesting a potential difference in perfor-
mance efficiency between genders while using OST devices.
However, curiously the results were the opposite of the first
experiment, with females performing faster than males.

5.2 Precision analysis

Figure 17 compares dart scores between male and female
participants under two conditions: NE and HoloLens. For
female participants, the NE condition resulted in a mean
score of 18.17, with a standard deviation of 6.52. Under the
HoloLens condition, the mean score was 13.08, with a stan-
dard deviation of 6.32. For male participants, NE yielded
a higher mean score of 20.18, with a standard deviation of
4.12. Under the HoloLens condition, the mean score was
19.11, with a standard deviation of 5.85.

The results indicate that male participants generally
achieved higher scores in both conditions, reflecting a higher
level of precision in the dart throwing activity. Addition-
ally, for both male and female participants, the NE condi-
tion consistently resulted in higher mean scores compared
to the HoloLens condition. This suggests that participants,
regardless of gender, performed better in terms of precision

when using their naked eye rather than HoloLens. The in-
creased variability and presence of outliers in the HoloLens
condition further imply that the use of OST devices may in-
troduce challenges that affect the accuracy and consistency
of the task performance. These findings highlight the poten-
tial impact of visual aids on task execution and suggest that
while Microsoft HoloLens offers mixed reality experiences,
it may also present perceptual difficulties that can hinder per-
formance in tasks requiring precise spatial judgments.

In addition, Figure 18 provides more information on the
dart scores for both NE and HoloLens conditions. In the im-
age, it is possible to note a slightly higher concentration of
the darts hitting more valuable zones (closer to the center of
the target) on the NE condition. It is important to state that
18.5% of the darts on the NE condition did not hit the target,
against 26.5% of the darts in the HoloLens condition.

Figure 19 illustrates the results of the bottle experiment,
where participants were instructed to fill three transparent
glasses to half their height (approximately 6.5 cm of water)
using bottles of different volumes (500 ml, 1000 ml, and
2000 ml). The experiment was conducted under two con-
ditions: NE and HoloLens. The box plots represent the dis-
tribution of the water height in the glasses for each condition
and bottle volume.

The data indicate that participants consistently overfilled
the glasses, with median heights above the target 6.5 cm mark
(indicated by the red dashed line) across all conditions and
bottle volumes. This overestimation was observed in both
the NE and HoloLens conditions. The variability appears not
to be the same when participants used HoloLens compared to
the NE condition, particularly for the 1000 ml bottles. Using
HoloLens might introduce greater inconsistency in the per-
ception and estimation of the water level in this case (1000
ml). The smallest variability is observed in the NE(500 ml)
condition, indicating more precise control in smaller bottles
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Figure 12. Characterization Questionnaire answers for the VST experiment.

without HoloLens.

As the bottle volume increases, the variability in the filled
height increases, indicating decreased precision. This trend
is observed in both NE and HoloLens conditions. Specifi-
cally, the NE (500 ml) condition shows the highest precision,
while the HoloLens (2000 ml) condition exhibits the lowest
precision. This suggests that larger bottle volumes pose a
greater challenge for participants to accurately estimate the
water level (probably due to the heavier weight of the bottle),
leading to increased overfilling and variability in the results.
Overall, while participants tend to overfill the glasses regard-
less of the condition, the use of HoloLens and larger bottle
volumes negatively impact the accuracy and consistency of
the task. To determine the percentage precision difference
between using the NE and HoloLens for filling glasses with
water, we calculated the relative difference the same way as
happened with Meta Quest 3 experiments.

For the NE condition with a 500 ml bottle, the mean height
was 7.67 cm. The absolute difference from the target was
1.17 cm, resulting in a percentage difference of approxi-
mately 18%, versus a mean height of 7.68 cm, yielding an
absolute difference of 1.18 cm and a percentage difference
of about 18.1% to the HoloLens condition.

With the 1000 ml bottle, the NE condition had a mean
height of 7.93 cm, leading to an absolute difference of
1.43 cm and a percentage difference of roughly 22%. The
HoloLens condition for the 1000 ml bottle showed a mean

height of 7.87 cm, with an absolute difference of 1.37 cm,
resulting in an 21% difference.

For the 2000 ml bottle, the NE condition exhibited a mean
height of 7.93 cm. This represented an absolute difference
of 1.43 cm from the target, translating to a 22% difference.
Meanwhile, the HMD condition with the 2000 ml bottle had a
mean height of 8.07 cm, which was 1.57 cm above the target,
giving a percentage difference of approximately 24.1%.

The captured data revealed that using the naked eye gener-
ally results in lower percentage differences (higher precision)
compared to using HoloLens (specially for 500 and 2000 ml).
Moreover, as the bottle volume increases, the precision tends
to decrease, indicated by higher percentage differences. This
suggests that larger bottle volumes and the use of HoloLens
both contribute to greater inaccuracies in estimating the tar-
get water level, which are also conclusions compatible to the
previous paragraphs.

Figure 20 illustrates the dart scores achieved by partici-
pants across two attempts. As expected, these results suggest
that participants performed better on their second attempt, re-
gardless of whether they were using NE or HoloLens. The
improvement in scores from the first to the second attempt
highlights a learning effect, where participants likely became
more familiar with the task and adjusted their strategies ac-
cordingly. This trend of performance enhancement across
repeated trials is consistent with existing research on skill
acquisition and practice effects, where initial attempts often
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Figure 13. Dart game SSQ responses for the VST experiment.

serve as a learning phase, leading to improved outcomes in
subsequent trials. This justifies why we opted to test using al-
ternately, starting experiment of a group using the HoloLens
and another group without using it.

Figure 21 illustrates the height of water achieved by par-
ticipants when filling glasses across two attempts, segmented
by the volume of the bottles used: 500 ml, 1000 ml, and 2000
ml. Each volume category is further divided into the first and
second attempts, enabling a comparison of depth perception
improvement over repeated trials. These results indicate that
the second attempt generally led to an improvement in par-
ticipants’ depth perception, as evidenced by the more consis-
tent heights closer to the target height of 6.5 cm (indicated by
the red dashed line). This improvement is observed indepen-
dently of whether participants were using NE or HoloLens.

5.3 SSQ answers

The first SSQ was administered to identify whether the vol-
unteers experienced symptoms in their daily lives, such as
fatigue, headache, eye strain, difficulty maintaining focus,
nausea, difficulty concentrating, a sensation of a heavy head,
blurred vision, and dizziness with eyes open. In sequence,
we detail the results obtained for each symptom (Figure 22).

The data indicate that most volunteers rarely or never expe-
rience significant symptoms related to the daily use of OST
HMD devices. Symptoms such as dizziness with eyes closed
and vertigo were less frequent, with most participants indi-
cating they never experienced them (70.0% and 67.5%, re-
spectively). However, symptoms such as difficulty maintain-
ing focus, fatigue, and difficulty concentrating have been re-
ported by a significant percentage of volunteers who reported
that they frequently or always experience these symptoms
(47.5%, 45.0%, and 42.5%, respectively). These results sug-
gest considering such symptoms when evaluating the influ-
ence of using OST HMD devices in daily and precision ac-
tivities.

The second SSQ checked whether the volunteers experi-
enced symptoms after using the HMD during the dart game
activity. Below are the results for each evaluated symptom.
The results of the second questionnaire (Figure 23) indicate
that most volunteers did not experience significant symptoms
after using the HMD during the dart-throwing activity. No
participant reported abdominal discomfort during the exper-
iment, and only (5%) of the participants reported vertigo or
dizziness with eyes closed. The most frequent symptom was
heavy head, with half of the participants reporting some de-
gree of it. Other frequent symptoms included eye strain, dif-
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Figure 15. Time taken by participants to perform activities using HoloLens.

ficulty concentrating, blurred vision, and headache (reported
by 37.5%, 25%, 25%, and 22.5% of the participants, respec-
tively). This suggests that, although most volunteers did not
experience severe symptoms, using the HMD can cause mild
discomfort for some of them.

The third SSQ was administered to check whether the vol-
unteers experienced symptoms after using the HMD during
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Figure 14. Bottle handling SSQ responses for the VST experiment.

Nothing

the bottle-handling activity*. The results (Figure 24) indi-
cate that most volunteers did not experience significant symp-
toms after using HoloLens during the bottle-handling activ-
ity. Like in the dart-throwing activity, the least reported
symptom was abdominal discomfort, with only 2.5% of par-
ticipants reporting it. Similarly to the dart-throwing activity,
the most frequent symptoms were heavy head, eye strain and
blurred vision, with 48.7%, 41%, and 30.7% of volunteers re-
porting symptoms, respectively.

The data from the three SSQs show that most volunteers
did not experience significant symptoms in daily life and dur-
ing the experimental activities using the HoloLens. How-
ever, some symptoms such as heavy head, eye strain, blurred
vision, and difficulty maintaining focus were reported more
frequently after use.

6 Comparison of Both Experiments

This section contrasts the results of our two experiments,
each of which focused on the same pair of tasks (dart game
and bottle handling), but employed different types of HMDs.

4One participant did not complete the form, resulting in a total of 39
responses.
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Figure 16. Time taken by male and female participants to perform activities
using HoloLens.

In the first experiment, we used the Meta Quest 3 through
a video see-through approach, whereas in the second we
used the Microsoft HoloLens. We sought to verify whether
the populations in each experiment were sufficiently similar
and then to examine which device and condition (HMD vs.
Naked Eye) led to faster task completion times and higher
accuracy.

We summarize below the principal statistics from both ex-
periments. Tables 2 and 3 highlight execution times and ac-
curacy measures in the dart and bottle tasks, split by HMD
condition and gender.

In the dart game, male participants using VST (Meta
Quest 3) showed a larger drop in average score going from
NE to HMD than did those using OST (HoloLens). Con-
versely, for female participants, the OST setup tended to
show a bigger decline in dart precision relative to NE than
the VST approach. Hence, no single device emerged as con-
sistently “most precise” across all subgroups.

For the bottle-filling tasks, both experiments found that
participants tended to overfill the glasses. Nonetheless, when
comparing the magnitude of overfill, the Quest 3 condi-
tion often introduced a slightly higher fill error (particu-
larly with heavier/larger bottles) than the HoloLens for some
subgroups—but again, performance differences partially de-
pend on the participant’s gender and prior motor habits.

In both VST and OST experiments, all participants gener-
ally took more time using the HMD than relying on the naked
eye alone. However, the magnitude of this slowdown varied.
With the dart game, men in the VST experiment (Quest 3) ex-
perienced a bigger time difference (NE vs. HMD) than those
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Figure 18. Heatmap for both conditions (NE and HMD) on the dart throw-
ing experiment with HoloLens.

Table 2. Mean (%) and standard deviation (s) of execution times (in
seconds) for Darts and Bottle tasks, comparing VST (Meta Quest 3)
and OST (HoloLens) conditions. “NE” =Naked Eye; “HMD” =use
of the respective device.

VST (Quest3) OST (HoloLens)

Task NE HMD NE HMD
Darts (Male Participants)

Mean & 35.2 476 4742 52.96

Std. dev.s 11.34 147 9.65 16.75
Darts (Female Participants)

Mean Z 46.86 50.26 41.16 46.25

Std. dev.s 22.56 223 9.74 10.6
Bottles (Male Participants)

Mean & 51.2  58.52 6239 81.36

Std. dev.s 1547 17.06  9.69 33.84
Bottles (Female Participants)

Mean Z 58.47 6553 62.67 68.5

Std. dev.s 1592 1843 19.51 22.06

in the OST experiment. In contrast, female participants in
the VST experiment had a relatively modest time difference,
whereas in the OST experiment they were sometimes faster
than their male counterparts.

In the bottle-handling task, the biggest gap occurred for
men using the HoloLens, who took on average 10s longer
(compared to NE), while the difference for men in the Quest 3
experiment was about 7s. By contrast, female participants
in the Quest 3 experiment had a larger gap (about 7s) than
female participants in the HoloLens experiment (about 2 s).
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Figure 19. Depth perception for different bottle sizes with HoloLens.
Dart Score per Attempt Table 3. Mean dart score and average fill-level error for
2,00 200 Darts/Bottles, comparing the VST (Meta Quest 3) and OST
(HoloLens). “NE” = Naked Eye; “HMD” = use of the respective
7 device. Dart scores range higher for more precise hits; Bottle fill
oo error is measured relative to the target 6.5 cm height.
7 100 VST (Quest 3) OST (HoloLens)
g ] Metric NE HMD NE HMD
&
Dart Score (Male Participants)
104 Mean Score  21.64 18.92  20.18 19.11
doo Dart Score (Female Participants)
. o Mean Score  18.00 16.27  18.17 13.08
Bottle Fill Error (% above/below 6.5 cm)
— . 500 ml 1138 1508 18.00  18.10
First attempt Second altempt 1000 ml 15.85 18.00 22.00 21.00
Figure 20. First vs second attempt for both NE and HMD using HoloLens 2000 ml 16.62 20.92 22.00 24.10

in the ‘dart game” activity.

Overall, the Quest 3 (VST) introduced the largest time
difference for men in the dart game, whereas the HoloLens
(OST) introduced the largest time difference for men in the
bottle task. With respect to accuracy, the OST had a larger
negative impact for female participants in the dart game,
while the VST had a bigger impact on men in that same sce-
nario.

Thus, our results suggest that each device imposes a par-
ticular pattern of trade-offs in precision and execution speed.
Additionally, participant-specific factors (especially gender,
but likely also prior motor practice) influence whether VST
or OST yields more pronounced performance changes com-
pared to unaided vision.

Both experiments confirm that relying on a head-mounted
display (whether video see-through or optical see-through)
can diminish user accuracy and increase task completion
time compared to the naked eye. Yet, the magnitude of this
effect is not uniform: it varies according to the task type (far-

field vs. near-field), the device category (VST vs. OST), and
personal factors such as gender.
Hence, in direct response to the core questions:

* Most precise tasks?  Neither HMD was universally
more precise. Men’s dart performance suffered more
under VST than OST, but for women the effect reversed.

* Faster tasks? Male participants completed both
tasks faster with VST, whereas female participants
tended to be quicker with OST.

+ Largest execution time gap?  For the dart task, the
VST experiment (men) showed the largest NE-HMD
gap; for the bottle task, the OST experiment (men) had
the largest gap.

* Largest accuracy difference? In dart throwing, the
biggest precision difference was female participants us-
ing OST. In near-field tasks, both devices exhibited
comparable accuracy drops, but the VST group showed
a slightly higher mean overfilling error for some bottle



How VST and OST Headsets Influence Task Execution

Domingues et al. 2025

10.0 1
o
9.5
9.20
910 ©
9.0
__ &80
__&m __ &7
851 s
Z 800
S 80 . 7.90
e .50
== <
7.65
ol
75 4
0
- Tpo 70
7.0 7 apo apo ° -
G0
@_ _________________________________________________________________________________________________________
o
©
6.0 4
. . ‘ . ‘ .
500ml first attempt 500ml second attempt 1000ml first attempt 1000ml second attempt 2000ml first attempt 2000m! second attempt
Figure 21. Depth perception of first and second attempts for both NE and HMD using HoloLens in the “bottle handling” activity.
sizes. The 6-9 seconds differences are an order of magnitude

These data reinforce the idea that device selection and task
context must be carefully considered if one’s goal is to main-
tain high accuracy and speed in XR-based activities.

7 Statistical analysis
Three directional hypotheses guided the inferential analysis:

+ HI1: mean task-completion time differs among the three
display conditions (Naked Eye, Optical See-Through,
and Video See-Through).

* H2: mean precision score differs among display condi-
tions.

« H3: Simulator-sickness severity, operationalized as the
Simulator Sickness Questionnaire (SSQ) total score, dif-
fers among display conditions and may vary as a func-
tion of the interaction between display and task type
(dart throwing vs. bottle placement).

All hypotheses were tested within—subject because each par-
ticipant experienced every combination of display and task.
The following subsections present the analysis for each hy-
pothesis.

7.1 Hypothesis 1: Completion—time differ-
ences among display conditions

Baseline (naked—eye, NE) trials were recorded twice: once
before the Quest video see-through runs and, weeks later, be-
fore the HoloLens optical see-through runs. Although the
participant groups are distinct, the two NE data sets are sta-
tistically similar (Table 4).

smaller than the headset-induced slow-downs reported be-
low, thus both NE samples are treated as equivalent base-
lines.

All four paired tests (Table 5) show a significant increase
in completion time when a see-through display is used. Ef-
fect sizes range from moderate (d = 0.45) to large (d ~ 1.0),
corresponding to increases of 5-15 s (12-24 %) over base-
line.

To compare the two headsets directly, we computed
participant-wise slow-downs A = Display — NE and con-
trasted them between sessions (Table 6).

Neither difference reaches significance, indicating that
VST and OST impose statistically indistinguishable tempo-
ral costs.

Across both tasks and independent participant cohorts, the
use of a see-through headset—whether video (Quest) or opti-
cal (HoloLens)—consistently lengthens completion time rel-
ative to naked-eye performance. The effect is robust (all
p < .007) and practically relevant, adding 12-24 % to task
duration. Because the size of the slow-down does not differ
reliably between VST and OST, Hypothesis 1 is supported:
task completion time depends on display modality, with both
see-through technologies incurring comparable additional la-
tency.

7.2 Hypothesis 2: Precision differences
among display conditions

For the Darts task, precision is the total score
(higher=better). For the Bottles task, precision is the
absolute mean distance error (lower = better).

Two NE baselines were collected in separate sessions.
Welch tests show that darts precision did not differ mate-
rially between sessions (zng1 = 20.3, Tnge = 19.6,
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Eye strain
Rarely
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Nausea
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Rarely

Dizziness with eyes open

Never

Always

Frequently
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Belching

Never

Frequently Frequently

Rarely

Figure 22. Characterization Questionnaire answers for the OST experiment.

Table 4. Comparison between NE data for both experiments.

Task  NEquest (Z £ SD)  NEjop (2 & SD) Welch ¢ (df)
Darts 39.6+17.2s 45.6+£10.0s  t(71.3) = —1.90, p = .062
Bottles  53.9+ 15.8s 625+13.1s  t(73.6) = —2.63, p = .010

t(74) = 1.90, p = .062), whereas bottle precision was
modestly poorer in the second session (0.98 m vs. 1.36 m,
t(73) = 3.94, p < .001). Because all headset effects are
assessed within each participant cohort, the between-session
offset does not affect the inferential tests in sequence (Table
7).

Both headsets reduced precision relative to NE (d~0.34),
with mean scores dropping by 2.3 £ 6.5 points (Quest) and
2.3 £ 6.9 points (HoloLens).

Video see-through (Quest) significantly increased place-
ment error by 0.25 £ 0.40 m (d = —0.63), whereas the
optical see-through display left accuracy unchanged (A =
0.02 £ 0.47m, p = .82).

The slow-down in darts precision (NE — Headset) did not
differ between Quest and HoloLens (¢(66) = 0.05, p =
.96), but Quest impaired bottle accuracy more than HoloLens
(t(63) = 2.40, p = .019).

Display modality influences precision, but the pattern is
task-specific: both headsets lower darts scores, while only
the video see-through configuration degrades bottle place-
ment accuracy. Overall, the data support Hypothesis 2, yet
indicate that video see-through imposes a greater precision

cost than optical see-through for fine placement tasks.

7.3 Hypothesis 3: Simulator-Sickness Sever-
ity

Simulator-sickness scores were generally low in every con-

dition, with many participants reporting no symptoms at all

(median = 7.48 SSQ points in all four scenarios). Table 8

summarizes the descriptive statistics.

Shapiro—Wilk tests indicated pronounced non-normality
for the residuals associated with each scenario (W < .77,
all p < .001). Nevertheless, a robust two-way repeated-
measures ANOVA was first run to preserve comparability
with other dependent variables, followed by confirmatory
non-parametric tests.

The factors were Display (Quest vs. HoloLens) and Task
(Darts vs. Bottles). No significant main or interaction effects
emerged (Table 9).

Wilcoxon signed-rank tests compared each paired contrast
implied by the ANOVA:

* Quest vs. HoloLens (Darts): V = 294.5, p = .74
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Table 5. Paired comparisons between each display and its NE baseline.

Task Condition Z(s) SD(s) t(39) Cohen’s d
NEouest 396 172 — —
Quest (VST) 486 177 —3.93%*  0.62

Darts Mo 456 100 _ _
HoloLens (OST) 51.0 154 —2.82** 0.45
NEQuest 53.9 15.8 — —
Quest (VST) 61.2 17.7 —6.58*** 1.04

Bottles N 1o 625 13.1 — —
HoloLens (OST) 77.5 31.1 —3.54** 0.56

**p < .01, ***p < .001 (two-tailed Holm—Bonferroni).

Table 6. Participant-wise slow-downs for Darts and Bottles activities.
Task AQuest (S) AHolo (S)

Darts +9.0+144 +5.4£12.1,¢(65.7) = 1.21, p = .229
Bottles +7.2+10.4 +15.0+ 26.5,¢(63.5) = —1.78, p = .082

Table 7. Paired comparisons between each headset and its NE baseline.

Task Condition z SD t(39) Cohen’s d
NEQuest 2028 506 - -
Quest (VST) 17.93 6.12 2.24* 0.35

Dearts (score) NEiiolo 19.58 496  — —
HoloLens (OST) 1730 6.54 2.11* 0.33
NEouest 098 0.4 — —
Quest (VST) 123 045 —3.96**  —0.63

Bottles (m, | better) NI 135 041 - o
HoloLens (OST) 137 042 —0.23 —0.04

*p < .05, ***p < .001 (two-tailed Holm—Bonferroni).

Domingues et al. 2025
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Figure 23. Dart game SSQ responses for the OST experiment.

* Quest vs. HoloLens (Bottles): V' = 291.0, p = .91
* Darts vs. Bottles (Quest): V' = 193.5, p = .83

Table 8. Descriptive statistics for SSQ total score in each Display « Darts vs. Bottles (HoloLens): V = 96.0, p = .74
X Task scenario.

Condition M SD Both analytic approaches converge on the same conclu-
sion: neither the choice of see-through display nor the na-

Darts — Quest (VST) 12.62 1247 ture of the task produced a measurable change in simulator-

Bottles — Quest (VST) 13.65 16.89 sickness severity, and there was no interaction between the

Darts — HoloLens (OST) ~ 13.18  17.29 two factors. Effect sizes were negligible (partial % < .004),

Bottles — HoloLens (OST)  13.37 16.87 and all median differences fell within 1.9 SSQ points—a
clinically trivial range. Consequently, Hypothesis 3 was not
supported.

8 Discussion and conclusion

Table 9. Two-way repeated-measures ANOVA on SSQ total score. . . . .
The two experiments carried out in this study—one us-

Effect F(1,39) p Partial7? ing a VST HMD (Meta Quest 3) and another using an
Display 0.003 96 < .001 OST HMD (Microsoft HoloLens)—demonstrate that wear-
Task 0.17 68 004 ing head-mounted devices can introduce perceptual chal-
Display x Task 0.09 77 002 lenges and generally increase task completion time when

compared to unaided vision. In both experiments, partici-
pants tended to take longer to perform the dart-throwing and
bottle-handling tasks while wearing the HMD than when us-
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Figure 24. Bottle handling SSQ responses for the OST experiment.

ing the naked eye. Although these differences in execution
time appear in both near-field and far-field activities, the
magnitude of the impact varies depending on the activity and,
in some cases, on the participant’s gender and prior experi-
ence.

Regarding accuracy, our results indicate that both VST
and OST HMDs can reduce performance in tasks requir-
ing precise spatial judgments. In the dart-throwing activity,
scores were consistently higher without the use of any head-
mounted device. The differences were statistically signifi-
cant for both male and female participants, with male partic-
ipants tending to obtain higher average scores overall. We
also observed that accuracy improved on the second attempt
for both HMD and non-HMD conditions—thus indicating
that familiarization with the task led to better outcomes re-
gardless of wearing an HMD.

The bottle-handling activity likewise showed diminished
precision in the HMD condition. Participants aimed to fill
glasses to the halfway mark, but consistently overfilled them,
with the largest inaccuracies typically arising from the 2L
bottles. Heavier bottles appear to compromise fine motor
control and depth perception further, regardless of VST or
OST usage. A comparison of percentage error revealed that
the naked-eye condition was closer to the target water level

in most cases; however, larger bottle volumes increased the
variability of the results for all participants, with or without
an HMD.

An overall profile of volunteers showed a majority aged
between 20 and 30 years, many with limited prior extended-
reality experience. Heatmaps of the dartboard hits revealed
that the naked-eye condition yielded a denser concentration
of hits around the bullseye, while HMD conditions saw a
wider spread of hits—including more frequent misses. Ques-
tionnaire (SSQ) responses indicated that symptoms such as
nausea or strong dizziness were uncommon, although mild
eyestrain and blurred vision arose for a subset of participants
after using the HMDs. Importantly, we did not detect a clear
correlation between immediate questionnaire feedback and
significantly higher or lower scores in either activity; most
participants who began with the HMD reported only weak
or no adverse symptoms.

From the standpoint of choosing between VST and OST
devices for tasks requiring greater precision, neither ap-
proach offered a universal advantage in all scenarios. For
certain user subgroups (particularly some male participants
in far-field tasks), the OST condition introduced a smaller
performance drop compared to VST; conversely, other par-
ticipants showed slightly better outcomes with the VST de-
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vice in near-field tasks. These inconsistencies reinforce the
need to match AR device types to the specific user profile,
task demands, and context of use.

One limitation of this study is that the two experiments (us-
ing VST and OST head-mounted displays) did not include
the same participants. However, the participant groups had
comparable demographic characteristics, with similar age
distributions (VST: mean = 27.4, SD = 5.8; OST: mean =
28.2, SD = 6.1) and gender proportions (VST: 63% male,
37% female; OST: 70% male, 30% female), which helps
mitigate potential biases from differing user profiles. Ad-
ditionally, although participants generally had limited prior
experience with extended reality (XR) technologies, the ran-
domization and counterbalancing of experimental conditions
(starting with or without HMD) further controlled for learn-
ing effects and minimized systematic bias related to task fa-
miliarity. Future studies could enhance generalizability by
using repeated-measures designs with identical participants
across all experimental conditions.

Despite their current shortcomings, modern head-mounted
displays hold considerable promise for immersive experi-
ences that blend virtual and real elements. Our findings un-
derscore a need for improved calibration and refined user
interfaces—particularly in mitigating spatial distortions, op-
timizing depth cues, and reducing visual discomfort. In fu-
ture work, we plan to compare a wider array of VST and OST
HMDs, as well as to investigate how different calibration pro-
cedures, training protocols, or additional sensory feedback
might lessen the observed declines in precision and speed.
Studying a broader range of tasks—both high-precision and
routine day-to-day activities—will help delineate the bound-
aries of AR device applicability. Likewise, investigating
how user demographics, prior motor habits, and extended us-
age durations affect task performance can inform more inclu-
sive HMD designs and calibration strategies. By addressing
these challenges, VST and OST technologies will become
increasingly viable for applications that demand higher ac-
curacy, shorter execution time, and improved user comfort.
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