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Abstract

Cybersickness (CS), a visually induced motion sickness causing unwanted symptoms like
nausea, disorientation, and vertigo, remains a significant issue in Head-Mounted-Display
(HMD) based virtual environments, hindering the mainstream adoption of Virtual Reality
(VR). The exact cause of cybersickness is still not conclusively clarified, however the predom-
inant theory of sensory conflict suggests that the discrepancy between perceived and ex-
pected visual, vestibular, and proprioceptive information triggers these symptoms. Mitigat-
ing sensory conflict with the help of supplementary motion simulation aligning visual and
vestibular stimuli appears promising, however to which extent motion has to be simulated
is still underexplored. This work presents the results of a study (n = 43), based on a between-
participants design, investigating the effects of minimal rotational motion (MIROMO) cues
for pitch and roll (+/- 6°) on cybersickness in a lean-back VR flight experience. CS was mea-
sured with both, self-reported questionnaires, particularly the widespread Simulator Sick-
ness Questionnaire, and biomarkers (electrodermal activity and heart rate variability). The
results imply the non-effectiveness of MIROMO cues on cybersickness and thus can help
future research experimenting with motion simulation to reduce sensory conflict or to en-
hance the overall experience. The results contribute to better understand the relationship
between cybersickness and continuous locomotion techniques.
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Figure 1: Participant of group A experiencing a virtual flight on a conventional chair (A). Participant of group B experiencing a
virtual flight on the motion platform eMotion Seat (B). Overall study design (C). Sketch of the three actuators of the eMotion
Seat and derivation of actuator position and rotations based on the 3D data (D). Excerpts of the virtual flight through a nature

scene (E) (F).
ABSTRACT

Cybersickness (CS), a visually induced motion sickness causing un-
wanted symptoms like nausea, disorientation, and vertigo, remains
a significant issue in Head-Mounted-Display (HMD) based virtual
environments, hindering the mainstream adoption of Virtual Real-
ity (VR). The exact cause of cybersickness is still not conclusively
clarified, however the predominant theory of sensory conflict sug-
gests that the discrepancy between perceived and expected visual,
vestibular, and proprioceptive information triggers these symptoms.
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Mitigating sensory conflict with the help of supplementary motion
simulation aligning visual and vestibular stimuli appears promis-
ing, however to which extent motion has to be simulated is still
underexplored. This work presents the results of a study (n = 43),
based on a between-participants design, investigating the effects
of minimal rotational motion (MIROMO) cues for pitch and roll
(+/- 6°) on cybersickness in a lean-back VR flight experience. CS
was measured with both, self-reported questionnaires, particularly
the widespread Simulator Sickness Questionnaire, and biomarkers
(electrodermal activity and heart rate variability). The results imply
the non-effectiveness of MIROMO cues on cybersickness and thus
can help future research experimenting with motion simulation to
reduce sensory conflict or to enhance the overall experience. The
results contribute to better understand the relationship between
cybersickness and continuous locomotion techniques.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1145/3670653.3677517
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3670653.3677517&domain=pdf&date_stamp=2024-09-01

MuC °24, September 01-04, 2024, Karlsruhe, Germany

CCS CONCEPTS

» Human-centered computing — Empirical studies in HCI.

KEYWORDS

Virtual Reality, Cybersickness, Motion Simulation , Galvanic-Skin-
Response, Heart-Rate-Variability

ACM Reference Format:

Benjamin Schnitzer, Polona Caserman, and Oliver Korn. 2024. Shaken, not
stirred: Effects of Minimal Rotational Motion Cues on Cybersickness in a
VR Flying Experience. In Proceedings of Mensch und Computer 2024 (MuC
"24), September 01-04, 2024, Karlsruhe, Germany. ACM, New York, NY, USA,
6 pages. https://doi.org/10.1145/3670653.3677517

1 INTRODUCTION

CS, a visually induced motion sickness causing uncomfortable
symptoms like nausea, disorientation, and vertigo [22], remains
a significant issue in HMD based virtual environments, hinder-
ing the mainstream adoption of VR [27]. The exact cause of CS is
still not conclusively clarified, however the predominant theory of
sensory conflict suggests that the discrepancy between perceived
and expected visual, vestibular, and/or proprioceptive information
triggers these undesired symptoms [5].

A phenomenon accompanying and in most cases preceding CS
is vection [17], an illusory self-motion sensation in the absence of
movement [26]. VRs provide different ways of visual locomotion,
distinguished between continuous movement (e.g. walking, driving,
flying, or diving) and discrete movement allowing teleportation
[30]. However, users often experience visual locomotion in VR,
particularly for continuous movement techniques, while remaining
stationary in the real world and resulting in mismatched stimuli
and vection. Different potential solutions for CS mitigation were as-
sessed, e.g. proprioceptive feedback using galvanic vestibular stim-
ulation [31], redirected walking [7, 36], omnidirectional treadmills
[23], modifications of visual stimuli with the help of field-of-view
variations [8], visually induced reduction methods with the help of
a virtual nose [34], a gaze-based visual guide [35], or even motion
sickness medication [36], but the potentials of reducing sensory
conflict appear obvious.

Aligning visual and vestibular stimuli using motion simulators is
not a new concept [22], however, while the potentials are not well
understood, this approach has shown promise [1]. For instance, a
study using a motion platform to provide vestibular cues alongside
visual roll from an HMD reported decreased CS and increased com-
fort [24]. Another study found reduced CS with a vibro-kinetic mo-
tion simulator [10]. However, some research indicates that adding
motion cues does not always reduce CS [19], suggesting the need
for further investigation. The interest in spatial computing and
VR headsets for in-transit experiences [28], highlights the urgency
of matching stimuli to reduce CS. The extent and type of motion
cues necessary for CS mitigation remain unclear. At the same time,
expensive and bulky motion simulators raise the question whether
simpler and space-saving platforms, providing rather subtle motion
cues, might suffice.

The outlined gap encouraged us to investigate the effects of
minimal rotational motion (MIROMO) cues for pitch and roll in a
lean-back VR experience using a motion platform called eMotion
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Seat. Given the potential for cognitive demand and interactivity
to reduce CS [29], a passive lean-back experience was chosen. In
the following, this work presents the results of a study based on a
between-subjects design with 43 healthy participants to examine
the following research question:

RQ1: How do supplementary MIROMO cues affect CS in a VR
flying experience?
Based on RQ1, we hypothesize that:

H1: MIROMO cues have a positive effect on CS by mitigating
underlying symptoms due to reduced sensory conflict.

2 METHODS

The study is based on a between-participants design with 43 healthy
volunteers. The evaluation took place between May and June 2022
as a single session. Subjects of a convenience sample were randomly
assigned to group A or B, while group B (n = 21; 8 male; 13 female;
mean age = 35; SD = 12.6) experienced a virtual flight through a
nature scene presented on a HMD (Oculus Go) with motion simu-
lation. Group A (n = 22; 10 male; 12 female; mean age = 35.9; SD =
13.5) experienced the same content on a conventional stationary
chair (Figure 1.A and Figure 1.B), intentionally chosen to avoid any
possible excitement caused by the motion platform. Participants
might otherwise have expected the seat, which clearly looks like
a technical device, to suddenly move after all. The actual VR ex-
perience lasted 5:00 min and was standardized as a pre-rendered
stereoscopic 360° movie with 30 frames per second to avoid bias
from cognitive distraction through interaction and to accurately
match the video with the motion simulation on a 30ms basis. Figure
1.C shows the overall study design. The study was approved by
the ethics committee of the Technical University of Darmstadt in
February 2022 (reference number EK06-2022). Measures and motion
simulation are described in the next sections.

2.1 Measures

We applied both, subjective measures with the help of question-
naires and objective measures with the help of physiological mea-
surements. For subjective ratings of CS symptoms, we used the
widespread Simulator Sickness Questionnaire (SSQ) by Kennedy
et al. [16]. The SSQ asks participants to provide subjective severity
ratings of 16 symptoms on a scale from 1 (no symptoms) to 3 (severe
symptoms). The symptoms are grouped into three non-mutually
exclusive categories representing symptoms for nausea (N), oculo-
motor disturbance (O) and disorientation (D) [16]. We used the SSQ
in a pre- and post-exposure assessment and calculated a delta score
as difference of post- minus pre-exposure scores [4]. The scores are
calculated based on the formulas provided in [4].

To assess the fidelity of motion simulation, we asked a single
item (“My own movements matched the visual movements of the
VR experience.”) on a 7-point Likert Scale. Finally, we asked to rate
presence with a single item (“In the virtual environment, I had the
feeling of being there”) on a 7-point Likert scale.

Regarding biomarkers, we measured electrodermal activity as
galvanic-skin-response (GSR) and heart rate variability (HRV), both
well known as indicators for arousal and stress. Measurements were
done in the iMOTIONS 9 Lab software. The processing based on
R-Notebooks and provided by iMOTIONS was used to calculate
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Figure 2: Results of SSQ scores of pre- and post-tests and delta scores of group A and B.

electrodermal activity peaks and HRV metrics. The calculation of
EDA peaks is following the recommendations for reporting in [9]
and processing in [2, 3, 12]. Timewise, all experimental conditions
had the same length, a time-independent metric such as average
peaks per minute for GSR was thus not required. The HRV metrics
calculated were the average interbeat-intervals (NN), the standard
deviation of all normal NN intervals (SDNN), and the root mean
square of successive differences (RMSSD) following the approaches
in [11, 13-15, 32]. Additionally, we calculated normalized metrics
for NN, SDNN, RMSSD, and GSR peak count by dividing each value
of the experimental condition by the baseline measurement that
lasted 5:00min, too. Resulting coefficients < 1.0 indicate a shorten-
ing of HRV metrics between baseline and experimental recording
and an increase of arousal, conversely coefficients > 1.0 indicate a
prolongation of HRV metrics and a decrease of arousal. Regarding
GSR, while coefficients < 1.0 indicate a decrease of arousal, coeffi-
cients > 1.0 indicate an increase of arousal. This was intentionally
done to reduce systematic errors based on individual physiological
preconditions.

2.2 Motion Simulation

To provide the MIROMO cues, a 3 dimensions of freedom (DoF)
motion simulator was used. The motion simulator provides a rota-
tion range of 12° for pitch and roll (+6°/-6° pitch, +6°/-6° roll) and a
rotation velocity of 60°/s. The maximum vertical motor hub is 0,2m.
The simulator makes use of three triangulated linear actuators (Al,
A2 and A3) communicating via modbus protocol to move two seats
installed on a steel frame which mathematically represents a plane
(Figure 1.D).
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Parametrically, a plane can be described as the set of all points of
the form r = r0 + sv + tw, where s and t range over all real numbers,
with v and w as given linearly independent vectors defining the
plane and r0 representing a vector defining the position of an arbi-
trary but fixed point on the plane. The vectors v and w are defined
as vectors starting at r0 and pointing in different directions along
the plane. v and w can be perpendicular, but cannot be parallel. A
virtual 3D environment has three axes (x, y, z) with an origin point
described by the vector (0, 0, 0) and six DoF including pitch, yaw
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and roll rotations. Yaw rotations (z rot) as well as translations have
been left out the simulation although the motion simulator would
be capable of simulating z translations.

For visual stimuli, all three axes and 6 DoF were used to create the
pre-rendered stereoscopic 360° movie with a resolution of 4096x4096
pixels and 30 frames per second. The content was produced with
Unity 3D. Unity makes use of Euler angles for rotations around the
individual axes x, y and z. The designed and animated movement
of the virtual content was saved to a Filmbox (.fbx) format capable
of storing 3D motion data on a frame basis. The eMotion Seat reads
out the stored motion data of the .fbx file and starts as soon as
the movie starts on the HMD. This approach ensures high-fidelity
motion simulation and an accurate synchronization.

Eventually the stored rotation data for x and y axes are used to
compute the position of the motor hub in order to move the seating.
The virtual origin defined by the vector (0, 0, 0) functions as the
midpoint of the plane which is spanned by the x and y axes and
is physically represented by the seating. Parametrically r0 equals
the origin or midpoint while v equals the x axes and w the y axes
shown in Figure 1.D. Accordingly, the motor hub of each individual
actuator is defined by the virtual z position as well as pitch and roll
rotations using the two Euler angles x and y. The evolving formulas
for actuators Al to A3 are shown in Figure 1.D while & equals the
Euler angle y and f the Euler angle x. f1 and {2 are factors of the
stroke length and w1 and w2 are weights between 0 and 1 to add
a percentage relative adjustment to the z-position based on the
maximum stroke length.

2.3 Content

The severity of CS depends on individual preconditions like motion
sickness susceptibility, gender, or exposure time [20]. To ensure the
occurrence of CS between pre- and post tests in the experiment,
an appropriate content in terms of self motion stimuli and virtual
movement had to be chosen. A preliminary study using a more real-
istic scenario of a flight did not induce CS, not even in participants of
group A (Chair). In other words, the content related factors, known
for evoking CS, weren’t severe enough. Hence, in a revised version
of the content we considered content related parameters like spatial
complexity, camera rotation and camera translation, field of view,
translation acceleration, translation speed [21], frame reference,
duration and controllability [25]. Since frame references like a vir-
tual cockpit functions as a stationary object, showing tendencies
to suppress CS [34], such a visual anchor was left out. Generally,
the final content provided high spatial complexity [6] with strong
self-motion perception cues raising the probability to provoke CS
[18]. Moreover, there was no self-representation through an avatar
(Figure 1.E and Figure 1.F).

3 RESULTS

None of the participants had to end the experiment prematurely,
but HRV measurement of one subject (group B) was biased, hence
data of this person was omitted from the following analyses. Since
Shapiro-Wilk tests indicated non-normally distributed data, non-
parametric tests were applied.
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Figure 4: Results of HRV coefficients for NN-intervals,
RMSSD, and SDNN metrics.

Regarding CS, paired Wilcoxon tests yielded significant differ-
ences (p < .01) between pre- and post-tests for for nausea, disorien-
tation and the total scrore of the SSQ for both groups. (Figure 2).
Regarding oculomotor disturbance, differences between pre- and
post-tests were insignificant for both groups (Figure 2). Differences
of delta scores, derived as the difference between post- and pre-test
scores, were insignificant among all sub scores including the total
score.

Regarding GSR and HRV measurements, paired Wilcoxon tests
yielded a significant increase of arousal between baseline recording
and the actual VR experience (p < .01) for both groups. Compared
to group A, GSR peak count of group B was increased for the VR
experience though, however an unpaired Wilcoxon test did not
yield a significant difference. Likewise, an unpaired Wilcoxon test
did not yield any significant difference between the GSR delta scores
(Figure 6 in the appendix). Figure 3 shows the results for GSR peak
counts for group A and B and Figure 4 shows the results HRV
metrics coefficients for group A and B.

Regarding motion simulation fidelity, an unpaired Wilcoxon test
did not yield any significant difference between group A and B,
however while the majority of participants in group B reported a
positive fit between visual and real motion, the more scattered data
of group A clearly shows the disagreement among participants of
group A (Figure 5). Regarding presence, differences between group
A and B were insignificant (Figure 5).

4 CONCLUSION

The significant difference between pre- and post SSQ scores gener-
ally show that the virtual experience induced CS symptoms in both
groups and thus implies adequacy of the designed content. This
is underlined by significantly increased GSR peak counts for the
actual time of the VR experience compared to the baseline measure-
ment, indicating a general increase of arousal due to the exposure.
At the same time, the results showed that there was no significant
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difference for CS between the groups for both, reported symptoms
based on the SSQ as well as based on physiological measurements.

However, prolongued RMSSD values for group B, although not
statistically significant, indicate a better stress management for
participants using the eMotion Seat. This is an interesting finding
for future research endeavors using RMSSD as a metric. One could
hypothesize that motion cues, exceeding the range of +/- 6°, could
possibly help to deal with the stressful condition of experiencing
CS.

Based on the GSR results, one could argue that there is a note-
worthy (although not statistically significant) difference of arousal
between the groups. However, considering the results for motion
simulation fidelity, the higher arousal does not imply negative stress
due to a bad simulator but rather excitement of participants “using”
the motion platform. Although participants did not report signifi-
cant differences regarding presence, the increased excitement based
on GSR peaks might be an important finding for the entertainment
and gaming industry.
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Figure 5: Results of General Presence and Motion Simulation
Fidelity for group A and B.

We therefore argue to reject H1 and conclude that, even with a
fairly accurate high-fidelity motion simulator, MIROMO cues (pitch
an roll, +/- 6°) do not affect CS symptomology. This is an important
finding for researchers and designers experimenting with a reduc-
tion of sensory conflict through motion simulation. The assessed
motion range is either not sufficient for CS reduction or content-
related factors generally affect CS more than a mismatch of visual,
vestibular, and proprioceptive stimuli. Additionally, due to the pas-
sive experience, our findings support the assumption that motion
control and agency could be essential factors for CS mitigation [33].
In general, our results contradict previous research in the field of
motion simulation [10, 24] and suggests further investigation of
the relationship between continuous movement techniques and CS
reduction, particularly between supplementary motion simulation
and CS. The latter remained unclarified so far which has also been
shown in recent literature [1].
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Figure 6: GSR peak count coefficients for group A and B.

A APPENDIX

Table 1: Results of average GSR and HRV measurements.

Biomarker Group A (Chair) Group B (eMotion Seat)

Baseline VR Experi- Baseline VR Experi-
ence ence

5:00 min mea- n=22, n=21,

surements Ndropped=22 Ndropped=20

GSR Peak mean 7.68, mean 30.55, mean 12.40, mean 39.50,

Count sd 6.81 sd 15.58 sd 8.84 sd 18.47

GSR Peaks mean 3.83, mean 6.09, mean 6.18, mean 7.89,

per Minute sd 3.40 sd 3.11 sd 4.41 sd 3.69

GSR Average mean .07, mean .10, mean .07, mean .13,

Peak Ampli- sd .12 sd .11 sd .06 sd .09

tude (uS)

HRV NN In- mean786.50, mean796.70, mean 781.09, mean 788.47,

tervals (ms) sd 151.22 sd 158.88 sd 154.25 sd 140.17

HRV RMSSD mean 40.80, mean 29.70, mean 38.06, mean 31.33,

(ms) sd 18.62 sd 13.90 sd 49.50 sd 27.58

HRV SDNN mean 47.87, mean 37.75, mean 49.49, mean 38.00,

(ms) sd 18.04 sd 15.16 sd 47.56 sd 17.74
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