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Introduction: This exploratory study aims to participate in the development of the
VR framework by focusing on the issue of cybersickness. The main objective is to
explore the possibilities of predicting cybersickness using i) field dependence-
independence measures and ii) head rotations data through automatic analyses.
The second objective is to assess the impact of cybersickness on visuomotor
performance.

Methods: 40 participants completed a 13.5-min VR immersion in a first-person
shooter game. Head rotations were analyzed in both their spatial (coefficients of
variations) and temporal dimensions (detrended fluctuations analyses).
Exploratory correlations, linear regressions and clusters comparison
(unsupervised machine learning) analyses were performed to explain
cybersickness and visuomotor performance. Traditional VR human factors
(sense of presence, state of flow, video game experience, age) were also
integrated.

Results: Results suggest that field dependence-independence measured before
exposure to VR explain ¼ of the variance of cybersickness, while the
Disorientation scale of the Simulator Sickness Questionnaire predicts 16.3% of
the visuomotor performance. In addition, automatic analyses of head rotations
during immersion revealed two different clusters of participants, one of them
reporting more cybersickness than the other.

Discussion: These results are discussed in terms of sensory integration and a
diminution of head rotations as an avoidance behavior of negative symptoms. This
study suggests that measuring field dependence-independence using the (Virtual)
Rod and Frame Test before immersion and tracking head rotations using internal
sensors during immersion might serve as powerful tools for VR actors.
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1 Introduction

At the beginning of the 21st century, virtual reality (VR) has
spread to many fields, from industry, with applications in tourism
(Beck et al., 2019), real estate (Brenner, 2017), sports and video
games (Neumann et al., 2018), to society, with applications in
journalism (Sirkkunen et al., 2016), education (Kavanagh et al.,
2017), and history (Fleury and Madeleine, 2012), to sciences, with
applications in philosophy of mind (Sanchez-Vives and Slater,
2005), social behaviors (Pan and Hamilton, 2018), and of course
to health, with applications in psychological therapy (Riva, 2022),
rehabilitation (Laver et al., 2017), or pain relief (Hitching et al.,
2023). It is important to note that most of these applications revolve
around the notion of the ecological dimension, the possibility that
this technology presents of immersing an individual in a custom-
made environment while keeping total experimental control over it
(Parsons, 2015; Dawson and Marcotte, 2017). This is the case, for
example, of the cognitive-behavioral therapy practitioner who wants
to make their patient work on their fear of flying by immersing them
in a plane, while being able to play on the scene variables that are the
weather, the height, the noise, the disturbances . . . without having to
actually accompany their patient on a plane (Scozzari and
Gamberini, 2011; Miloff et al., 2019). Indeed, and as Bryson
(2013) says, “VR” means “to have the effect of having concrete
existence without actually having concrete existence”. It is because
the virtual plane produces, in the phobic patient, the concrete effects
of psycho-physiological anxiety that the therapist will be able to
work on it without having to pay the costs of the concrete existence
of such a situation. However, all the potential benefits promised by
VR are still largely hindered by the appearance, during its use, of
negative symptoms similar to those of motion sickness:
cybersickness (Rebenitsch and Owen, 2016; Stanney et al., 2020b).

Cybersickness is the most famous, prevalent and problematic
side effect of VR, often suggested as being a “visually inducedmotion
sickness” (LaViola, 2000; Bos et al., 2008). This phenomenon is
experienced by many if not most users at different levels, with some
rare users too deeply affected to use the tool (Caserman et al., 2021).
Cybersickness takes the form of symptoms such as headache,
nausea, stomach awareness, disorientation, dizziness, vertigo,
sweating, blurred vision, drowsiness and very rarely vomiting
(Rebenitsch and Owen, 2016). Not only do cybersickness
symptoms slow down the use and development of VR, but they
also lead to potential biases inherent to the tool. For example, the
symptoms of cybersickness seem to have a negative impact on
cognitive performance, notably spatial cognition (Gresty et al.,
2008; Gresty and Golding, 2009; Mittelstaedt et al., 2019;
Maneuvrier et al., 2020). Then, if the impairment caused by
cybersickness is not properly measured, it could lead to
erroneous measurement of performance, for example, for VR
diagnosis of neurodegenerative diseases, where spatial cognition
is often impaired (Parnetti and Calabresi, 2006; 2006; Possin, 2010).
As a consequence, cybersickness is still considered an urgent
problem to be understood, and solved (Stanney et al., 2020b).

Numerous theories try to explain cybersickness. The most
famous family of theories used to explain cybersickness are the
“sensory conflict theories” initially presented by Reason and Brand
(1975). In these views, it is the incongruence between the
information of different sensory modalities (e.g., visual and

vestibular systems, non-vestibular proprioceptors), also called the
sensory or perceptive mismatch, that triggers the symptoms. This
theory is somehow compatible with the poison theory of Treisman
(1977). Treisman states that evolutionary processes identify the
sensory mismatch as the result of the ingestion of toxins and
tries to expel them from the body by provoking nausea and
vomiting symptoms. Another common theory is the theory of
the subjective vertical conflict (Bles et al., 1998; Bos et al., 2008;
Chung and Barnett-Cowan, 2023). In these views, it is only the
sensory conflicts that concern the perception of the vertical (gravity)
that will trigger negative symptoms. Thus, this theory predicts that
user movement along the pitch and roll axes should trigger more
cybersickness than movements along the yaw axis. More recently,
Palmisano et al. (2020, 2022) have suggested that cybersickness is
caused by display lag induced by differences between the virtual and
physical poses of the participant’s head, independently from the
vertical. Another major theory is the postural instability (Riccio and
Stoffregen, 1991; Stoffregen and Smart, 1998). In these views,
postural instability precedes the emergence of negative
symptoms: cybersickness emerges not with the sensory mismatch
but rather with the difficulty of maintaining postural stability.

Cybersickness is mostly measured using subjective methods, and
despite recent critics (Sevinc and Berkman, 2020; Bouchard et al.,
2021) the most frequent questionnaire is the Simulator Sickness
Questionnaire (SSQ), developed by Kennedy & al. (1993). Other
tools have been developed, notably the Virtual Reality Sickness
Questionnaire by Kim et al. (2018). An important problem is
that post-hoc self-reported measures do not consider the
dynamic nature of cybersickness, which might be of crucial
importance to understand its psychophysiology. This is why the
Fast Motion Sickness Scale is also used: it consists of multiple self-
ratings (from 1 to 20) during the experiment. However, the multiple
in virtuo measures of the FMSS lead to multiple breaks in presence
(Slater et al., 2003), and might be considered as leading to non-
ecological VR experience. In order to overcome the limitations of the
subjective methods, physiological, postural and behavioral measures
along with classifications and other machine learning methods have
been used to measure and predict cybersickness in VR (Bailey et al.,
2022; Hadadi et al., 2022; Yang et al., 2022). In these cases, subjective
measures like the SSQ are used as regressors that physiological
variables will try to predict, which is not without problems given the
limitations of questionnaire bias: it is, for example, suggested that
male participants report less cybersickness than female participants
in order to appear strong (Rebenitsch and Owen, 2014; 2016). It is
therefore important to remember that even the most complex
models of physiological measurements can only predict
participants’ own statements about cybersickness. Recently, many
studies have explored the possibilities of predicting cybersickness
scores, using either physiological data or oculomotor variables
(Dennison et al., 2016; Garcia-Agundez et al., 2019; Islam et al.,
2020; Wibirama et al., 2020), software and hardware factors
(Rebenitsch and Owen, 2021), and perceived vection or changes
in the subjective visual vertical (Nooij et al., 2017; Chung and
Barnett-Cowan, 2023).

Many individual characteristics (or human factors) are
suggested as modulating and/or moderating the appearance of
cybersickness symptoms, for example, age (Jasper et al., 2023),
the experience of video games and other virtual practices
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(Howarth and Hodder, 2008; Maneuvrier et al., 2020; 2022;
Kourtesis et al., 2023), and obviously the sense of presence
(Weech et al., 2019; Maneuvrier et al., 2020; 2022). Sense of
presence is the qualia “of being there"(Heeter, 1992; Sheridan,
1992), essential to the ecological use of VR (Parsons, 2015;
Cummings and Bailenson, 2016). However, we lack studies and
theories to rule on a possible direction of causality between
cybersickness and sense of presence (Weech et al., 2019).
Similarly, there is little information on the link between negative
symptoms and the state of flow, the state of optimal concentration
on a task frequently measured in VR (Csikszentmihalyi, 1990; Bian
et al., 2018; Yang and Zhang, 2022). This can be explained by the fact
that all these psychological phenomena are measured subjectively
post-immersion. On the contrary, a promising human factor
measured before immersion using a behavioral tool is the Field
Dependence-Independence continuum (FDI). FDI might be
considered as a perceptive style revealing a more or less
dominant use of visual cues among multisensory integration
(Witkin et al., 1962). This cognitive and/or perceptive style has
long been suggested as a defining trait in motion sickness
susceptibility, and more recently of cybersickness susceptibility
(Deich and Hodges, 1973; Kennedy, 1975; Maneuvrier et al.,
2021). FDI is usually measured using the famous Rod and Frame
Test where an individual with altered visual cues has to align a rod
vertically. This is interesting since both the flexibility of the
multisensory integration (re-weighting), and the perception of the
subjective vertical are suggested as associated with cybersickness
(Weech et al., 2020a; Maneuvrier et al., 2021; Chung and Barnett-
Cowan, 2023). The idea is that individuals who dominantly use
visual cues and/or are more sensitive to them and/or have more
difficulty down-weighing them might be more susceptible to
cybersickness (Fulvio et al., 2021).

Movement and/or the perceived illusion of movement, also called
vection (Palmisano et al., 2015), seem to play a crucial role in the
appearance of cybersickness in VR (Keshavarz et al., 2015). The main
source of vection in VR comes from the optic flow: it is a common
experience for a video game player to explore a virtual environment
using a linear movement triggering an optic flow in order to simulate

real-life walking. In VR, the strength of this vection is increased by the
immersive first-person experience, which makes the static cues that a
traditional gamer has access to disappear, such as the room behind the
screen or even the edges of the screen. This explains why it is generally
advisable in VR not to use linear movement as a means of locomotion
(Clifton and Palmisano, 2019) even though an habituation is possible
(Howarth and Hodder, 2008; Adhanom et al., 2022). Indeed, in many
VR cases, the position of the head is tracked and used as a virtual 3D
camera for rendering the virtual environment. As a result, an
immobile VR user visually explores the environment by rotating
the head along three axes of rotation: pitch, yaw, roll (Figure 1), in
both their spatial and temporal dimensions. It is unsure how these
head rotations directly and precisely relate to cybersickness
(Rebenitsch and Owen, 2016). It is also unclear whether or not
one axis is more provocative than other. What is known is that
visual rotational oscillations (Bonato et al., 2009; Keshavarz and
Hecht, 2011) and rotational movements are associated with the
emergence of symptoms (Aykent et al., 2014; Palmisano et al.,
2017; Arcioni et al., 2019; Islam et al., 2021; Porcino et al., 2022;
Sumayli and Ye, 2023). In addition, “changing” vection seems to cause
more negative effects than “steady” vection (Budhiraja et al., 2017).
Mitigating vection also seems to reduce cybersickness, either by
adding blur (Budhiraja et al., 2017), by adding a fixed visual frame
(Kemeny et al., 2017), or by extrapolating head movements (Garcia-
Agundez et al., 2017). The reason why head rotations in VR are
associated with cybersickness depends on the theory: it is possible that
because of head rotations a mismatch arises (due to tracking and
latency) between the visual system and the other perceptive systems
(Reason and Brand, 1975; Bos et al., 2008), or between the physical
and virtual poses (Palmisano et al., 2020; 2022), just as it is possible for
these rotations to impact the vertical subjective and the postural
instability (Stoffregen and Smart, 1998; Chung and Barnett-Cowan,
2023).

Given that in most virtual spatial environments, head rotations
are both necessary for visual exploration (tracked head rotations
being the means of spatial exploration) and a potential source of
cybersickness, it seems important to explore the question of their
relationship, particularly with regard to visuomotor tasks. Indeed,
hand-eye coordination is central to many processes in VR: beyond
being the main game-play mechanism of many commercial
successes, such as Beatsaber, Half-Life Alyx or The Lab, the use
of VR for the evaluation and rehabilitation of visuomotor
performance could well prove to be a new tool for cognitive and
movement sciences (Carrieri et al., 2016; Choi et al., 2018; Pratviel
et al., 2021; David et al., 2022; Grosprêtre et al., 2023), but also for
health research and applications, for instance in the case of
Parkinson’s disease (Eng et al., 2007; Seitz, 2014; Chen et al.,
2020; Köster et al., 2021; Lahude et al., 2022). For example, the
study of Pratviel & al. (2021) proposed the Dynavision task and
showed its reliability and interest in order to assess participants’
visuomotor abilities using a light tracking paradigm. However, in the
study of Pratviel et al. (2021), participants were facing a two-
dimensional wall and were mostly immobile, which cannot be
considered as an ecological experimentation. Thus, absence of
vection and/or and head rotations may explain why cybersickness
symptoms were not, in Pratviel et al. (2021), associated with
visuomotor performance. On the contrary, during a task
requiring large visual explorations of a spatial virtual

FIGURE 1
Graphical representation of the three axes of head rotations: x
(roll), y (yaw), z (pitch).
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environment (and thus triggering kinetogenic situations), we might
expect a negative relationship between cybersickness and
visuomotor performance, whether through visual fatigue
(LaViola, 2000; Bos et al., 2008; Rebenitsch and Owen, 2016),
cognitive fatigue and disorientation (Gresty et al., 2008; Gresty
and Golding, 2009; Maneuvrier et al., 2020) detour of attentional
resources to physiological symptoms, or allocation of these same
attentional resources to the resolution/compensation of the
psychophysiological state (Maneuvrier and Westermann, 2022).

We end up with an apparent paradox: in spatial environments,
more head rotations (in both their spatial and temporal dimensions)
should be associated with i) better visuomotor performance thanks
to richer visual coordination and exploration, but also with ii)
poorer visuomotor performance due to the deleterious effects of
cybersickness. In order to explore this issue, we present an empirical
study which aims to i) evaluate the impact of cybersickness on
visuomotor performance and ii) predict cybersickness using head
rotations and FDI. For the purposes of exploratory research and data
generation, this study also proposes a correlational analysis of
common VR human factors: namely, age, the sense of presence,
the video game experience, and the state of flow. We expect
visuomotor performance to be altered by the negative symptoms
of cybersickness. In addition, we expect that head rotations, both in
their spatial and temporal dimensions, will be predictors of
cybersickness symptoms. Taken together, we aim to contribute to
a better understanding of cybersickness and utilization of VR, with
the ultimate goal of measuring, predicting and ultimately countering
negative symptoms and their impact (Stanney et al., 2020a) during
spatial environments. Indeed, the integrative and ecological benefits
promised by VR, whether in the field of research, diagnosis or
rehabilitation, require us to study the phenomena at play in virtual
spatial environments and tasks. For this reason, this exploratory
study focuses particularly on situations with visuomotor tasks and
active head exploration by an almost-immobile user in a spatial
environment, which is very common in VR applications and games
(Maneuvrier et al., 2020; Barnett et al., 2022), but the results and
discussions should be considered and/or applied to other situations.

2 Materials and methods

2.1 Participants

2.1.1 Recruitment
Participants were recruited through posters in the corridors of

the first and second authors’ university. Exclusion criteria were: i)
being under 18 or over 35 years of age, ii) having a known
uncorrected psychological or physiological condition that could
impair perception of a virtual environment and/or use of a
visuomotor controller. Participants were not medically screened
for these criteria, but were trusted by the experimenters. Those who
could use corrective lenses or glasses in the head-mounted display
were included.

2.1.2 Sample
40 participants (age 23.55 ± 4.03) were included in the definitive

analysis sample. To the open-ended question “what sex were you
assigned at birth?”, which was indicated as optional, 26 (age 23.03 ±

3.44) of them answered in the French lexical field “femme”, and 14
(age 24.5 ± 4.9) of them answered in the French lexical field
“homme”. All participants lived in Western Europe and almost
all of them were students at the University (average 2.85 ± 0.83 years
of study after high school).

2.1.3 Ethics
All participants gave written consent and were considered by the

experimenters in strict compliance with the Helsinki Convention
(Declaration of Helsinki, 2001). The experimental protocol was
validated by a local research ethics committee and the data
management performed in conformity with the GDPR (Dove,
2018).

2.1.4 Experimenters
The lead experimenters were the first and second authors of the

present study, along with other graduate students who did not want
to pursue the process of written scientific production. Half of the
experimenters identified themselves as men and half as women.
Experiments were randomized and supervised preliminary data
collection was carried out to ensure experimental consistency
between experimenters, even though the protocol was highly
computerized and automated.

2.2 VR visuomotor performance

The virtual shooting environment was custom created by the
first author using Unity3D and the object-oriented programming
language C#. The head-mounted display for immersion was the
HTC-Vive Pro (1440 × 1600 resolution per eye, 98° horizontal field
of view, 90 Hz refresh rate). The computer was running Windows
10–64-bit, its processor was an Intel Core i9 - 9900 K 3.6 GHz and it
was equipped with 32 gigabytes of RAM. The graphics processing
unit was a GeForce RTX 2080. This hardware ensured a consistent
framerate above 60 frame per seconds.

Due to a mechanical technical problem with the head-mounted
display hardware, the interpupillary distance could not be adjusted
for each participant. However, the distance was set at 62.5 mm,
which corresponds to the average interpupillary distance of men and
women aged 16–40 in Northern Europe (Pointer, 1999), which is
therefore equally suitable (or not) for both men and women, in
contrast to the initial level of 67.5 mm of the head-mounted display
favoring men (Stanney et al., 2020a).

After a brief tutorial explaining how to use the HTCVive tracked
controllers, participants were immersed in a Western-style cartoon
world (Figure 2). They were placed on top of a moving train
(Figure 2A) in order to achieve a linear, smooth optic flow that
could trigger a very slight cybersickness (in order to prevent a
basement effect) through a slight perceptual change (Clifton and
Palmisano, 2019; Adhanom et al., 2022). The train’s path was
straight to avoid the emergence of too much cybersickness, and
the speed of the train was rather slow, 0.5 units of distance per
second, where a unit is the size of the participant in the virtual
environment (which corresponds to the visual optic flow of a slow
walking pace).

The tracked virtual controller was transformed into a gun that
could fire one bullet per second using the trigger (Figure 2B).
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Instructions were given visually and orally by voice recording (male
human voice) in the virtual environment. Participants were asked to
defend the train which was being attacked en route (Figure 2C). The
aliens appeared regularly (every 10 s) and were arranged pseudo-
randomly (but identically for all participants) in a 180° arc in the
direction of the train (Figures 2B, D). They started firing projectiles
towards the train as soon as they appeared (and then every 1.5–2 s,
randomly for each shot). The aliens lasted until they were
neutralized or out of sight of the participants.

Participants could either shoot the projectiles to destroy them or
shoot the aliens to neutralize them, with their only explicit objective
being to protect the train. Total immersion lasted 13 min and 30 s, after
which the virtual environment closed. Performance was measured by
the number of enemy projectiles that actually hit the train.

The choice of a western shooter format game was made in order
to use a classic popular culture scheme. This decision was made
expecting an easy-to-induce sense of spatial presence and state of
flow and an easy-to-implement ergonomics and affordances. In
addition, this first-person shooter explores an attempt at the analysis
of ecological integrated visuomotor performance in VR. Indeed, we
assume that the future of ecological VR, whether for research
purposes or applications (diagnostics, rehabilitation.) will involve
highly integrative spatial environments, which requires us to study
the phenomena at play during the latter. A video of the virtual task
can be found in the Supplementary Materials.

2.3 Subjective measures

All the VR subjective variables and demographics data were
measured post-immersion using computerized self-administered
questionnaires.

Cybersickness was measured using the Simulator Sickness
Questionnaire validated in French (Bouchard et al., 2007).

However, traditional factoring from Kennedy et al. (1993) with
three sub-scales was used. Nausea, oculomotor and disorientation
scales were reported, as well as the overall score, in order to be
compared with the validated international tools. In order to avoid
suggesting an adverse effect, the pre-immersion baseline level was
not measured, which was recently questioned (Brown et al., 2022).

Sense of presence was measured using the most common
questionnaire validated in French (Witmer and Singer, 1998;
Robillard et al., 2002), without haptic elements because the
immersive system did not include the ability to explore the
environment through touch. All other validated sub-scales were
reported (Realism, Possibility to act, Quality of interface, Possibility
to examine, Self-evaluation of performance, Sounds), as well as the
overall score.

The state of flow was assessed using a translation of different
items of the state of flow questionnaires used in VR, but translated
into French as no validated version could be found. The overall score
was used for reliability evaluation. As they are not validated in the
literature, the items used for the state of flow questionnaire along
with their English translation are given in the supplementary
material.

Video game experience was measured using a single question:
“How often do you play a video game?” on a 10-point scale, where
10 was “Every day” and 1 was “Never”. A 10-point scale was used
rather than the standard 7-point Likert scale to avoid possible
confusion with the number of days played per week.

2.4 Field dependence-independence

In order to assess its evolution during immersion (Maneuvrier
et al., 2021), FDI was assessed before (FDIpre) and after immersion
(FDIpost) using a custom made Virtual Rod and Frame Test built in
Unity3D by the first author (Supplementary materials).

FIGURE 2
First person and third person views of the immersion in the virtual environment. (A) the moving train with no apparent target. (B) the hand and virtual
pistol based on HTC-Vive controller tracking. (C) the participant firing a projectile (yellow sphere) at an enemy target. (D) an enemy firing a projectile
(green sphere) at the moving train.
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Placed in an upright sitting position with their feet not touching
the ground, participants had to align, using the HTC Vive tracking
controller, a rod initially inclined at either +27 or −27° from the
gravitational vertical (0°) in a static frame inclined at either
+18 or −18°. Sixteen trials were conducted, each combination
being sequentially tested four times. For each trial, the absolute
error from the gravitational vertical was measured in degrees.

The individual FDI level was measured using the mean absolute
error. The higher the mean absolute error, the more the participant’s
subjective visual vertical is influenced by the tilted frame and
therefore the higher the level of FDI. The change in FDI (FDIev)
was calculated using a ratio: FDIev = (FDIpost-FDIpre)/FDIpre.
This last variable (FDIev) corresponded to the flexibility of the FDI.
A video of the Virtual Rod and Frame Test is available in the
supplementary materials, and the tool was made free to use by the
authors.

2.5 Head rotations

Head rotations were measured by the HTC Vive headset
integrated sensors associated to its base station. The Euler angles
as reported by Unity3D with the SteamVR plugin were used, leading
to 3 axes: x (roll), y (pitch), and z (yaw) (Figure 1). The origin (0, 0, 0)
of the three axes was calibrated in the direction of train, aligned with
the optic flow and the ground. Sampling rate of the recording was
15Hz, i.e. 45 measures (15 for each axis) by second. For each axis,
10 s of measures were systematically removed at the start and end of
the recording when no enemies were spawning, in order to
neutralize inter-individual variability in exploring the virtual
environments and capture real “in action live” behavior. Thus,
11,850 frames in the 3 axes for each participant were considered
for spatial and temporal analyses. Global angles of each frame of
each axis, in degrees, were transformed into amount of rotation per
frame (frame i1—frame i2). This was used (as absolute values) to
build different measures allowing the calculation of the coefficients
of variation (Standard deviation of rotation–average rotation per
frame) in the three axes: x, y, z. These three coefficients of variation
(x, y, z) were used as behavioral spatial quantification of head
rotations during the virtual immersion (Lovie, 2005). Time series
of head rotations in the three axes were also used for the temporal
evaluation of head rotations using detrended fluctuation analysis
(DFA, window sizes = 1000) in the three axes (Hardstone et al.,
2012). DFA analyses are often used, for example, to detect distinct
fractal perceptual-motor signatures.

2.6 Procedure

Participants were clearly informed of the experimental protocol
and that they could stop the experiment at any time without
explanation, but none chose to do so. Once written consent was
obtained, participants were equipped with the VR headset and
tracked controllers, and told that instructions would be given in
the virtual environment. After performing the first part of the
Virtual Rod and Frame test (FDIpre), the participants completed
the 13.30 min long immersion in the first person shooter. Once the
virtual visuomotor task completed, participants were un-equipped

and asked to complete the VR self-reported computerized measures.
Afterwards, the participants were briefly re-equipped and asked to
perform the second part of the Virtual Rod and Frame Test
(FDIpost). Finally, the participants were thanked, invited to ask
questions and left the laboratory room.

2.7 Analyses

2.7.1 Outliers
JASP (0.17.1) and RStudio (2023.06) were used for the statistical

analyses. First, we checked the data for outliers using the
interquartile range (IQR) for each variable of interest (i.e., [25th
percentile] - 1.5 x IQR and [75th percentile] + 1.5 x IQR), objectively
and systematically removing each score out of the range. Due to the
small sample size and the exploratory nature of the study, only
outliers to the specific variable were removed, not the entire
participant.

2.7.2 Descriptive analyses
Descriptive analyses were reported along with reliability

analyses using McDonald’s Omega. Means and medians were
reported along with their standard deviation: [mean;
median ±standard deviation].

2.7.3 Correlation matrix
A global correlation matrix was calculated using Pearson’s r,

mixing VR main variables (cybersickness subscales, visuomotor
performance, FDIpre, FDIev), VR human factors (sense of
presence, video game experience, sense of flow) and age.

2.7.4 Linear regressions
In order to assess the predictors of cybersickness and its impact

on visuomotor performance, two exploratory linear regressions were
performed. The first one with cybersickness (total SSQ) as the
dependent variable, head rotations (Coef_X, Coef_Y, Coef_Z and
DFA_X, DFA_Y, DFA_Z) and FDI variables (FDIpre and FDIev) as
potential covariates, and the second one with visuomotor
performance as the dependent variable and cybersickness
variables (Nausea, Oculomotor and Disorientation scales) as
potential covariates. Both were performed using the enter
method based on the correlation matrix and previous findings:
most potentially significant variables were added at each step and
kept only if the global model’s p-value was below p = .05 and each
predictor’s p-value below p = .05. Because of the sample size and the
lack of theoretical basis, interactions were not considered.

2.7.5 Machine learning analyses
In order to apprehend the effect of head rotations on

cybersickness in all three axes in both their spatial and temporal
dimensions simultaneously, and to explore the possibilities of
unsupervised machine learning analysis on this type of data to
predict cybersickness, a cluster analysis was performed. The c-means
clustering method was used. It is a soft clustering method that
divides each data point into different groups, so that observations in
the same group are similar and observations in different groups are
more different (means center type, Hartigan-Wong algorithm,
25 max iterations and 25 random sets as recommended by
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JASP). Regressions or classifications algorithms were not used
because of the small sample size: splitting the data into training,
validation and testing groups would have considerably reduced the
effectiveness of the algorithms. The clusters obtained were then
compared on the cybersickness variables (Nausea, Oculomotor,
Disorientation scales) using Mann-Whitney U test, in order to
test the discriminant and predictive capacities of unsupervised
algorithms.

2.7.6 Statistical method
Correlations coefficients were given by Pearson’s r, and effect

size for Mann-Whitney U test by the rank biserial correlation. Effect
size for linear regressions were given using the R2. Collinearity
diagnostics were tested using the Variance Inflation Factor (VIF),
and residuals autocorrelation using the Durbin-Watson test.
Normality of residuals was screened using Q-Q plot standardized
residuals and residuals histogram. 95% Confidence Intervals (95%
CI) were systematically reported, along with p-values. As suggested
by recent epistemological debates (Amrhein et al., 2019; Wasserstein
et al., 2019), and because of the exploratory nature of the study,
results were not discussed as significant or non-significant solely
based on an arbitrary p-value threshold, but discussed with the
combined help of different statistical estimators.

3 Results

3.1 Preliminary analyses

3.1.1 Visuomotor performance
After removing two outliers (x1 = 362, x2 = 246), the visuomotor

performance variable revealed a distribution of [-59.65; −49.5 ±
36.96], which means that on average the participant let 59.65 enemy
projectiles touch the train. Even though these variables were not
considered in the analyses and are purely descriptive, on average the
participants fired [832.7; 799 ± 167.59] shots, with an average
accuracy (hitting either an enemy’s projectile or on the enemy
rather than the background) of [53.1; 53.6 ± 7.9] %.

3.1.2 Subjective measures
One outlier on the disorientation scale score was removed (x1 =

88.24). Total self-reported scores of cybersickness (Total SSQ)
revealed a distribution of [209.52; 164.59 ± 169.88], with [14.54;
19.08 ± 11.63] for the nausea scale, [19.89; 15.16 ± 18.22] for the
oculomotor scale and [19.98; 13.92 ± 20.89] for the disorientation
scale. Omega of McDonald’s for all items was: ω = 0.745, 95% CI
[0.64, 0.82], and for all sub-scales: ω = 0.864, 95% CI[0.773, 0.924].
Considering this strong reliability score, the total SSQ scale was thus

FIGURE 3
Graphical representation of the correlation matrix (Pearson’s r). An orangeish colour indicates a negative correlation and a bluish colour a positive
correlation. The darker the colour, the stronger the correlation, and the lower the p-value. No indication means a p-value above 0.1. * = p < .05, ** = p <
.01, *** = p < .001 Coef_i = coefficient of variation of head rotations in the i axis, DFA_i = Detrended fluctuation analysis estimate in the i axis.
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considered as a constructed variable called “cybersickness” in further
analyses, when subscales were not considered.

Global self-reported scores of the sense of presence revealed a
distribution of [108.9; 107 ± 12.06], with [35.17; 34.62 ± 5.84] for the
realism scale, [19.92; 19 ± 2.64] for the possibility to act scale, [16.1;
16.5 ± 2.74] for quality of the interface scale, [11.15; 11.5 ± 2.3] for the
possibility of examining scale, [10.27; 10 ± 1.26] for the self-evaluation
of performance scale and [16.82; 17 ± 2.76] for the audio scale. Omega
of McDonald’s for all items: ω = 0.83, 95% CI [0.75, 0.91], and for all
subscales: ω = 0.75, 95% CI[0.61, 0.88]. Considering this strong

reliability score, the total score of the sense of presence
questionnaire was thus considered as a constructed variable called
“sense of presence” in further analyses. Being a secondary variable,
subscales of the sense of presence questionnaire were not considered
in analyses.

The flow state questionnaire revealed a distribution of [67.87, 68 ±
8.5], and using theMcDonald’s omega its items revealed a reliability of
ω = 0.83, 95% CI [0.75, 0.91]. Considering this strong reliability score,
the total score of the flow questionnaire was thus considered as a
constructed variable called “state of flow” in further analyses.

TABLE 1 Descriptive statistics of the two clusters split by the neighborhood-based algorithm. C1 = Cluster 1, C2 = Cluster 2. STD = Standard deviation.

Descriptive statistics

Nausea Oculomotor Disorientation Total score

C1 C2 C1 C2 C1 C2 C1 C2

Valid 27 13 27 13 26 13 27 13

Missing 0 0 0 0 1 0 0 0

Mean 17.313 8.806 24.986 9.329 24.628 10.708 258.464 107.873

STD 10.596 11.980 18.545 12.437 21.314 17.194 164.969 135.093

Minimum 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Maximum 38.160 38.160 60.640 30.320 69.600 55.680 542.076 357.320

FIGURE 4
Graphical representations (Raincloud plots) of the distributions of the two clusters on cybersickness variables, C1 (N = 27) and C2 (n= 13) as split by a
clustering unsupervised machine learning algorithm (c-means soft portioning method) on their spatial and temporal variables of head rotations in the
three axes (pitch, yaw, roll).
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The video game experience question revealed a distribution of
[4.32; 4 ± 2.93]. Being a single-item question, this score was thus
considered as a constructed variable called “video game experience”
in further analyses.

3.1.3 Field (in)dependence
Four outliers were removed from the FDIpre scores (x1 = 10.42,

x2 = 14.02, x3 = 15.08, x4 = 19.58). FDIpre scores revealed a
distribution of [3.66; 3.08 ± 1.87] whereas FDIpost scores
revealed a mean of [2.88; 2.56 ± 1.66]. FDI ratio evolution
(FDIev) was [-0.36; −0.32 ± 0.32]. One outlier had to be
removed from the FDIev score (x1 = 1.41). Wilcoxon signed-
ranked outlined a global reduction of FDI during the immersion
when comparing FDIpre and FDIpost: W = 572.5, z = 4.21, p < .001,
Rank-Biserial Correlation = 0.81, 95% CI[0.64,0.91].

3.1.4 Head rotations
The distribution of head rotations per frame (15 Hz) measured

during the immersion using the Euler Angles was [0.003; 0.003 ±
0.001) in the X-axis, [0.011; 0.011 ± 0.004] in the Y-axis and [0.002;
0.002 ± 0.0001] in the Z-axis. Concerning spatial analyses of head
rotations, global sums of head rotations during immersion was [37.09;
35.41 ± 12.42] for X, [132.32; 133,14 ± 43.57] for Y and [26.95; 26.62 ±
9.6] for Z. Calculated coefficients of variation were [1.59; 1.56 ± 0.191]
for the X-axis, [1.84; 1.85 ± 0.16] for the Y-axis, and [1.43; 1.45 ±
0.168] for the Z-axis. Concerning temporal analyses of head rotations,
global DFA estimates were [0.76; 0.76 ± 0.036] for the X-axis, [0.75;
0.76 ± 0.33] for the Y-axis and [0.76; 0.76 ± 0.035] for the Z-axis.

3.2 Correlation matrix

For clarity reasons, three variables uncorrelated to other variables
were removed from the correlation matrix: age, FDIev and video game
experience. Correlation matrix can be found in Figure 3.

3.3 Linear regressions

3.3.1 Cybersickness
The best model to explain cybersickness (total SSQ) that met the

defined criterion explained 26.9% of variance in cybersickness (R2 =
0.269, F(1,34) = 12.53, p = .001). The only predictor was FDIpre (β =
0.519, t = 3.54, p < .001, 95% CI[20.47, 75.65]).

3.3.2 Visuomotor performance
The best model to explain visuomotor performance that met the

defined criterion explained 16.3% of variance in visuomotor
performance (R2 = 0.163, F(1,35) = 6.81, p = .013). The only
predictor was the Disorientation scale (β = −0.404, t = −2.61, p =
.013, 95% CI[-1.21, −0.15]).

3.4 Machine learning analyses

3.4.1 Unsupervised clustering
C-Means clustering analysis based on the head rotations

variables (spatial and temporal) revealed two unequal clusters: C1

(N = 27) and C2 (N = 13). Global analysis (N = 40) metrics were:
R2 = 0.308, AIC = 199, BIC = 219, Silhouette = 0.21. Descriptive
statistics for the two clusters can be found in Table 1.

3.4.2 Cluster comparisons
Mann-Whitney tests outline that the two clusters seem different

on their total SSQ scale (W = 270, p = 0.006, Rank-Biserial
Correlation = 0.541, 95% CI[0.21, 0.75]), on their Nausea scale
(W = 253, p = 0.02, Rank-Biserial Correlation = 0.442, 95% CI[0.08,
0.69]), on their Oculomotor scale (W = 239, p = 0.007, Rank-Biserial
Correlation = 0.53, 95% CI[0.2, 0.75]) and their Disorientation scale
(W = 239, p = 0.032, Rank-Biserial Correlation = 0.41, 95% CI[0.05,
0.68]) (Figure 4).

4 Discussion

4.1 Impact of cybersickness

The empirical results of this study highlight the important impact
of cybersickness in VR, even among young and (apparently) healthy
adults during a relatively short immersion in a spatial virtual
environment. Indeed, 16.3% of the variance of the visuomotor
performance tasks was explained by the disorientation scale of the
SSQ, which is understandable given the processes of the visuomotor
virtual task involving a large amount of spatial cognition. It remains
possible, however, to reverse the direction of the relationship and
imagine that individuals with weaker visuomotor abilities are also, for
one reason or another, more likely to present negative symptoms.
However, results fromprevious studies seem to point in the direction of
an impact of cybersickness on performance, for example, by inducing
visual fatigue (Lambooij et al., 2009; Hirota et al., 2019), but most
probably (regarding the disorientation scale) by deteriorating cognitive
resources through spatial disorientation (Gresty et al., 2008; Gresty and
Golding, 2009; Maneuvrier et al., 2020). Finally, even though 16.3% of
the visuomotor performance variance may seem relatively small, we
mustn’t forget the high inter-variability of cybersickness and the
threshold effect (Maneuvrier et al., 2020; Varmaghani et al., 2021):
some individuals were probably much more affected than others. This
effect should be controlled for rigorous use of VR, whether in research
or for applications, as this part of variance explained by cybersickness
very probably does not come from the phenomenon being tested. In
addition, it is important to note that cybersickness as measured by the
total SSQ was negatively associated with two important VR variables:
the sense of presence and the state of flow. This appears to be in line
with previous findings and theories (Weech et al., 2019; Maneuvrier
et al., 2020), and seems rather logical. Indeed, when we consider the
economy of attentional resources in VR (Draper and Blair, 1996;
Draper et al., 1998), we can consider that individuals experiencing
negative symptoms have to i) allocate attentional resources to symptom
inhibition and/or regulation, ii) have their attentional resources directly
altered by symptom salience and iii) have their attentional resources
focus diverted from the virtual environment to the participant’s body
(Maneuvrier and Westermann, 2022). All this reduces, both
quantitatively and qualitatively, the amount of attentional resources
available for the emergence and maintenance of a stable sense of
presence and flow. However, the present study cannot infer directional
causality about the sense of presence–cybersickness relationship, as
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both i) emerged at the same time during immersion and ii) were
measured at the same time, sequentially, post immersion.

4.2 Field dependence-independence as
predictor of cybersickness

On the contrary, FDI was measured before immersion, and
explained more than ¼ of the variance of cybersickness. This
suggests that the Virtual Rod and Frame Test assesses a cognitivo-
perceptive profile more or less adapted to exposure to VR (Maneuvrier
et al., 2021; Maneuvrier and Westermann, 2022). This result highlights
the possibility of using FDI as a predictor of cybersickness inVR: it seems
that themore field dependent an individual is, themore likely he or she is
of experiencing negative symptoms in VR. This is in line with previous
results or suggestions mostly based on correlations and/or motion
sickness studies (Deich and Hodges, 1973; Kennedy, 1975; Mirabile
et al., 1976; Maneuvrier et al., 2021; 2022). However, this is the first time
(to our knowledge) that FDI scores measured before immersion by the
Rod and Frame Test was able to predict such a high proportion of
cybersickness. In comparison, cybersickness prediction models often
require a large number of variables to explain more than 50% of the
variance (Dennison et al., 2016; Islam et al., 2020; 2021; Chang et al.,
2021; Rebenitsch and Owen, 2021; Yang et al., 2022; Jasper et al., 2023),
whereas FDI, a single behavioral measure, explained 26.9% alone, which
doesn’t mean it cannot be combined with others. A possible explanation
is that the Rod and FrameTest outlines someprofiles and strategiesmore
adapted to the VR sensory integration than other, probably because of i)
better inhibition of non-congruent stimuli (Pithers, 2002; Evans et al.,
2013; Jia et al., 2014) and ii) different use and flexibility in the using of
visual cues (LaViola, 2000; Bos et al., 2008). These explanations are in
line with recent papers which have suggested an association between
sensory re-weighting and susceptibility to cybersickness (Weech et al.,
2020a; Fulvio et al., 2021; Chung and Barnett-Cowan, 2023). It is
interesting to note that the effect of the dynamic evolution of field
(in)dependence during immersion, which seemed to be crucial in
previous study as it was found to be associated with the subjective
experience of VR (Maneuvrier et al., 2021), was not replicated, even
though we measured a global reduction of FDI. Beyond a result of
statistical artifacts, differences in the way of locomotion between the two
studies and the resulting different optic flow could be leads of
explanation (Clifton and Palmisano, 2019).

4.3 Head rotations and unsupervised
machine learning analyses

While none of the head rotations variables taken independently
seemed to explain cybersickness, when considered together they
revealed an interesting result. Indeed, the clustering analysis based
on the data of head rotations (in both their spatial and temporal
aspects) split the participants in two groups, with one group
reporting more cybersickness than the other. Since the
individuals experiencing more cybersickness also registered less
head rotations, this effect can be interpreted as an avoidance
behavior: whether consciously or not, participants experiencing
symptoms of cybersickness due to their rotational movements
reduced these movements in order to alleviate the symptoms.

Combined with other recent findings (Padmanaban et al., 2018;
Li et al., 2019; Hadadi et al., 2022; Porcino et al., 2022; Yang et al.,
2022; Asbee et al., 2023), this result amplifies the very promising
aspect of automatic assessment of cybersickness. This method offers
several advantages. Firstly, frame-by-frame analysis of head
rotations allows us to consider a dynamic aspect inherent to
cybersickness, which is impossible to assess using post-hoc
questionnaire. In addition, automatic evaluation makes it possible
to aggregate several variables (head rotations in their spatial and
temporal components in the three axes) whose holistic aspect is
difficult to detect otherwise. Finally, unsupervised learning enables
the detection of patterns (for example, distinct fractal motor
signatures) that are impossible to see with the naked eye and
difficult to account for using more traditional statistics. The
disadvantage is, of course, that these patterns are difficult to
recognize and therefore to understand: for example, it becomes
impossible to estimate how and when rotations in certain axes
contribute more to cybersickness than others, which might be
crucial to theoretical understanding (Palmisano et al., 2015; 2022).

4.4 Human factors of VR

Contrary to other recent studies, field (in)dependence levels were
associated with neither the sense of presence nor the video game
experience (Maneuvrier et al., 2021; 2022). It is unclear why, since the
strong association between field (in)dependence and video game
experience found in Maneuvrier et al. (2022), which should be
independent from the virtual environment, was not replicated in
the present study. This could be due to the sample sizes and effect
sizes threshold, to statistical artefacts or to differences in the sensory
processes of the virtual environments. Still, it is surprising to see that
the video game experience was not associated with any other variable,
not even the sense of presence nor the cybersickness, despite being
regularly considered as an important human factor of VR (Lachlan &
Krcmar, 2011; Weech et al., 2020b). Indeed, video game experience is
often associated with a VR favorable experience because of i) a sensory
mismatch habituation (Howarth and Hodder, 2008) and ii) common
affordances and cognitive schemes (Gibson, 1966; Flach and Holden,
1998; Maneuvrier and Westermann, 2022). One could defend that the
one-item question measuring video game experience was too little
informative to differentiate the very different types of video games, for
example, between casual puzzle games on smartphone and first person
intensive shooters games (Bosser and Nakatsu, 2006; Baniqued et al.,
2013; Kapalo et al., 2015). Concerning the state of flow, its positive
relationship with the sense of presence replicated here is well
documented (Draper and Blair, 1996; Draper et al., 1998; Bystrom
et al., 1999; Faiola et al., 2013; Yang and Zhang, 2022). However, it is
surprising to see that the state of flow was not associated with the
visuomotor performance nor FDI, contrary to other studies (Bian et al.,
2018; 2020). It can be speculated that the levels of difficulty were not
adapted and that some individuals found the task too easy or too
difficult to trigger an effective state of flow (Csikszentmihalyi, 1990). It
is also possible that the flow questionnaire items taken in their entirety
and its hand-crafted translation were not sufficiently relevant. Finally, a
word must be said about the total absence of association between age
andVR variables, which is easily explained by the very small age gaps in
the sample.
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4.5 Limits and criticisms

The main “limitation” of this study is the sample size, which is
the reason for its exploratory nature. This study was initially part of a
larger protocol which could not be fully completed because of the
SARS-CoV-2 epidemic and the resources allocated (material and
time). In accordance with the Open Science guidelines, we consider
that this empirical study cannot truly test null hypothesis and infer
causality: not only the experimentation was not pre-registered, but
no a priori power calculations were performed for this specific
hypothesis and sample size. Considering this, we call for
confirmatory studies and we appeal to readers’ critical
consideration of the empirical results. However, based on the
results of previous studies and statistical estimators, we estimate
an 80% chance of verisimilitude for these exploratory results
(Goodman, 2018). In addition, we think this study and data
should be publicly known in order to prevent publication biases
(Rothstein, 2008; Fragkos et al., 2014). Other criticisms can be made
on various subjects: the flow questionnaire, which was hand-crafted,
and the question measuring video game frequencies, which might
not be discriminant enough. In addition, the basal level of negative
symptoms was not measured for cybersickness in order to avoid
creating suggestion effects, which may have been a mistake, even
though a suggestive effect could be argued (Brown et al., 2022).
What’s more, the impossibility of precisely adapting the
interpupillary distance may have been detrimental to some
participants, both in terms of cybersickness and visuomotor
performance (Stanney et al., 2020a). Last but not least, a big gap
in this study that must be addressed in future studies, is the
integration of the head-mounted display’s 6 degrees of freedom,
not just rotations (3°). The combined study of all 6 degrees of
freedom would enable us to go much further in our analyses,
particularly with regard to unsupervised machine learning detection.

4.6 Future studies and applications

First, if these results are replicated, they could lead to the use of
the Virtual Rod and Frame test as a predictive tool for VR
experience. Indeed, it is a relatively inexpensive tool in time,
money and energy is and rather easy to implement in VR.
Sessions are short and easily automated as 16 trials seem to be
enough. Secondly, assessing cybersickness using head rotations data
offers several pragmatical advantages. Compared to physiological or
demographics data, head rotations measures are inherent to VR: the
sensors used are the same as those used for the visual display and can
be found on every immersive system. They are also easy to
implement, for example, as we did in this study using the
SteamVR plugin in Unity3D. In the future, collaborative VR
toolboxes implementing these measures could largely facilitate
the study and/or controlling of negative symptoms. Indeed,
systematic, easy and automatic assessments of cybersickness
would greatly advance the field, not only by providing a better
understanding of the phenomenon, but also by making it possible to
neutralize it. This is fundamental when we consider their impact on
performance and sense of presence. Indeed, and as we have
previously called (Maneuvrier et al., 2020; 2022), neutralizing or
at least assessing the psychophysiological effects of VR is a

prerequisite for its methodologically rigorous use, in particular with
the aim of carrying out more ecological research, diagnostics and
rehabilitation in integrative and ecological spatial environments. At a
more fundamental level, it would be particularly interesting to take a
closer look at possible patterns associated with cybersickness, for
example, in non-linear fractal analyses (Renaud et al., 2000; 2002;
Bradley and Kantz, 2015; Tan et al., 2021). Indeed, the data procured by
VR devices are particularly adapted to these types of analyses.
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