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Abstract: The purpose of this study was to investigate the effect of two views on motion sickness
caused by low-frequency roll motion in the laboratory. Fifteen healthy male subjects participated
in the study and were exposed to 30 min of 0.25 Hz roll oscillation at an angle of rotation (±5◦).
Subjects sat on a rigid seat with one of two visual scenes each session: (i) viewing 360◦ videos through
virtual reality (VR) head-mounted display (HMD) device and (ii) reading articles on a monitor
in a closed cabin. Ratings of motion sickness were obtained at 1 min intervals. The mean illness
ratings of subjects for all visual conditions increased over the 30 min exposure to motion. There was
significantly less sickness in the HMD condition than in the monitor condition. The findings suggest
a beneficial effect of the HMD view on the severity of sickness. However, the HMD view had no
effect on the sickness experienced by those vulnerable to sickness caused by exposure to motion or
use of VR. It was concluded that the visual activity had a significant influence on motion sickness
induced by 0.25 Hz roll oscillation with an angle of rotation (±5◦), and the applications of VR could
be implemented to further reduce motion sickness.
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1. Introduction

Motion sickness is a major issue that impacts the comfort of passengers in all transport
forms. All modes of transport can cause rotational motions in all axes, including roll, pitch
and yaw. In land transport, exposure to roll oscillation can occur in road transport (during
cornering) and in tilting trains. Roll oscillation has often been found to provoke motion
sickness in isolation or in combination with translational or rotational oscillation [1–5]. The
visual scene has been found to significantly modify the severity of sickness induced by
different motion directions, such as lateral oscillation [6–10] or fore-and-aft oscillation [11]
or combined fore-and-aft and pitch oscillation [12]. In addition, a recent international survey
on the incidence of sickness in road transport found that 46% of subjects experienced motion
sickness and that visual activity was one of the main factors in modifying the severity of
sickness [13]. The use of VR has recently increased in education, research and entertainment,
with continues development in its applications. However, some users may experience
sickness known as VR sickness with symptoms related to nausea, oculomotor issues and
disorientation.

Previous studies investigating the effect of roll motion on motion sickness have showed
consistent findings that motion sickness can be caused due to exposure to roll motion. Roll
oscillation at frequencies ranging from 0.025 to 0.4 Hz could produce motion sickness [1].
There was a significant difference in motion sickness triggered by roll oscillation, with
magnitudes between 61.83◦ and 63.66◦ and between 61.83◦ and 67.32◦ [3]. Joseph and
Griffin concluded that sickness induced by 0.2 Hz roll oscillation is dependent on the
oscillation magnitude (illness ratings increase with increasing magnitude). At frequencies
greater than 0.4 Hz, with magnitudes between 0.063 and 0.63 ms−2, acceleration caused by
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roll oscillation generated higher discomfort compared to the same acceleration caused by
lateral acceleration [2]. With seven frequencies ranging from 0.25 to 1.0 Hz at magnitudes
between 0.08 and 0.40 ms−2 r.m.s., similar discomfort produced by lateral acceleration
or roll acceleration at frequencies less than 0.4 Hz and a higher discomfort caused by
roll oscillation than that induced by lateral oscillation at frequencies ranges from 0.4 to
1.0 Hz [5].

The role of visual scene in the occurrence of motion sickness was investigated during
exposure to different rotational motions with various visual conditions. These motions
included rotational velocities increasing from 1 to 6 rpm in a clockwise direction [14],
clockwise yaw oscillation [15], a constant counterclockwise acceleration of 20◦/s2 until
the device reached an angular velocity of 120◦/s [16] and 0.025 and 0.1 Hz roll and pitch
oscillation at an amplitude of 10◦ [17]. The results of these studies consistently indicated
that the visual activity had a significant effect on the development of motion sickness.

Studies of visually induced motion sickness (VIMS) have contributed to the investiga-
tion of the influence of visual activity on motion sickness during rotational motions. Less
sickness is induced by spiral motion relative to two conditions with single-axis motion,
including roll oscillation and fore-and-aft oscillation [18]. In a study with three simulated
rollercoaster rides moving in the fore-and-aft axis and rotating in three rotational motions
((i) pitch only; (ii) pitch and roll axes or in pitch, roll and yaw axes) 15 min videos were pre-
sented on a large projection screen to all subjects [19]. Their results showed that dual-axis
rotation (pitch and roll) is significantly more nausea inducing than single-axis (pitch).

The investigation of the effect of using a VR HMD device during exposure to motion
has received little attention. Previous studies have examined the influence of using a
VR HMD device during exposure to motion (lateral motion) in car [20] and in the labo-
ratory [10]. The study conducted in the car found no significant differences among all
VR (different optical presentations of a real vehicle motion) with motion conditions. The
laboratory study showed that VR HMD view resulted in slightly less sickness than the
condition of watching a video on a monitor in a closed cabin and greater sickness than
the blindfold condition. Recent studies investigated the effect of providing visual motion
cues through a VR HMD device to reduce sensory conflict between vestibular and visual
systems to enable the use of VR HMD in vehicles [21,22]. Consistent findings showed a
beneficial effect of applying visual motion cues on the severity of motion sickness.

However, the effect of visual activities on motion sickness induced by low-frequency
roll motion in isolation is not clear. In addition, the influence of using a VR HMD device on
the development of motion sickness during exposure to roll motion is unknown. Despite
VR sickness, the current focus of research is to further enable the use of VR applications as
both a transport and simulation platform.

The aim of this study was to compare the effect of two visual scenes (viewing 360◦

videos through VR HMD device and reading articles on a monitor in a closed cabin) on the
severity of motion sickness induced by low-frequency roll oscillation. It was hypothesized
that a view with a VR HMD device would result in less sickness.

2. Methods
2.1. Subjects

First, 15 healthy male subjects aged between 21 and 40 years (mean 29.5, SD 7.25)
participated in the study. The mean stature and mean body weight were 175.63 cm (SD
4.00) and 71.63 kg (SD 13.26). All subjects were either staff or students at the University
of Southampton. Subjects were asked to complete a consent form before participating in
the experiment, which was approved by the Human Experimentation Safety and Ethics
Committee at the University of Southampton (ERGO/FEPS/64986). They were screened
using a health questionnaire to exclude those with visual and balance issues. Each subject
was required to respond to five questions: (1) do you have visual issues? (2) can you read
articles on a monitor clearly? (3) can you see a visual content through a VR HMD device
clearly? (4) do you have balance issues? and (5) can you maintain a postural stability?
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2.2. Motion Stimuli

Subjects were exposed to sinusoidal low-frequency roll oscillation at 0.25 Hz with an
angle of rotation (±5◦). This motion is suitable for investigating motion sickness based
on international standards for exposure to whole-body vibration, such as [23,24]. Motions
were produced using an Institute of Sound and Vibration Research simulator (Six-Axis
Motion Simulator). The simulator was maximumly capable of displacement of 1000 mm
and 500 mm in vertical and horizontal directions, respectively, with about 20◦ in roll and
pitch and about 10◦ in yaw as the maximum angle of rotation. The simulator was controlled
using the ServoTest Pulsar software (Institute of Sound and Vibration Research, University
of Southampton, Southampton, UK).

2.3. Visual Stimuli

Visual conditions included in the study: (i) viewing 360◦ videos through VR HMD
device and (ii) reading articles on a monitor in a closed cabin. The content used in the first
condition was a combination of 360◦ videos with different motions from a car. Examples
of these videos are shown in Figure 1. Subjects were instructed to skip any video causing
discomfort. This enabled them to control the content they were experiencing while wearing
the HMD device. The second condition, for instance, is similar to being in a vehicle without
access to an outside view. Subjects were asked to read articles on the BBC news website
in this condition. Table 1 highlights the differences between the contents of both visual
conditions. The HMD device used in the current study was the Oculus Rift CV1 Headset
device with 2160 × 1200 resolution (1080 × 1200 per eye) at 90 Hz refresh rate and the field
of view (FOV) was 98.07◦.
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Table 1. The differences between the contents of both visual conditions.

Visual Condition Task Device

Condition 1 Watching 360◦ videos HMD

Condition 2 Reading articles on the BBC
news website Monitor

2.4. Cabin Environment and Seating

Subjects sat on a rigid seat, which was positioned at the centre of the simulator
platform. The seat height was 430 mm above the floor with a rigid vertical backrest,
which was 680 mm above the seat surface. Subjects were instructed to maintain upright
posture, ensuring full contact with the seat backrest. For safety, subjects were asked to
wear a loose lap belt. Subjects were also asked to wear Headphones (Sennheiser HD202),
which produced white noise to mask the simulator noise at 55 ± 3 dB during exposure to
motion, generated by the Human Factors Research Unit (HFRU) Deluxe Noise System. The
experimenter communicated with subjects using a microphone by interrupting the white
noise.
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2.5. Experimental Design and Procedure

The study design was a within-subject design (repeated groups). The repeated-groups
design was selected over the between-subject design because motion sickness varies consid-
erably among individuals, which results in an increase in the inter-subject variability and
difficulty in comparing different experimental groups. Subjects were asked to attend two
sessions, with each session less than one hour. During the session, subjects were exposed
to low-frequency roll oscillation for 30 min with a different visual condition each session at
a one-week interval. Half of the subjects started with the first condition and another half
started with the second condition.

Prior to motion exposure, subjects were asked to complete a motion sickness suscepti-
bility questionnaire. The motion sickness susceptibility questionnaire [25] was designed to
determine how susceptible a person is to motion sickness and what types of motion are
most effective in causing that sickness (i.e., nausea, vomiting, etc.) in both land and non-
land transport. Subjects were then given instructions on the objective of the experiment,
the illness rating scale and the symptom checklist.

During the experiment, subjects were asked every minute to rate their sickness using
a number based on an illness rating scale. The illness rating scale (adapted from [26]) was
used to measure the motion sickness of subjects on a seven-point scale from 0 to 6 during
motion exposure (0: no symptoms; 1: any symptoms, however slight; 2: mild symptoms; 3:
mild nausea; 4: mild to moderate nausea; 5: moderate nausea but can continue; 6: moderate
nausea and want to stop).

After exposure to motion, subjects were asked to fill in the symptom checklist to
summarise the symptoms (i.e., general discomfort, warmth sensation, dizziness, nausea,
etc.) experienced during the session.

2.6. Statistical Analysis

Data analysis was conducted using the software package SPSS (version 27.0). Since the
data were not normally distributed, nonparametric tests were used for analysing the data.
The Wilcoxon signed ranks test was used to quantify differences between the two groups
(differences between the two visual conditions). The Spearman rank correlation coefficient
was used to quantify associations between mean illness ratings and a total number of
symptoms for each visual condition. The statistical significance was at p-value < 0.05.

3. Results
3.1. Subject Susceptibility to Motion Sickness

The motion sickness susceptibility questionnaire completed by subjects prior to the
exposure to motion indicated that there were significant differences between the subjects
in two measures of motion sickness susceptibility: illness susceptibility in the last year,
Isusc(yr) (p = 0.001), and vomiting susceptibility in the last year, Vsusc(yr) (p = 0.001),
and there were no significant differences between the subjects in four measures of motion
sickness susceptibility: total susceptibility to vomiting, Vtotal (p = 0.119); total susceptibility
to motion sickness in all types of transport, Mtotal (p = 0.997); susceptibility to motion
sickness in land transport, Mland (p = 0.999); and susceptibility to motion sickness in
non-land transport, Mnon-land (p = 0.185). These measures are defined and explained
in [25].

3.2. Illness Ratings

Based on the mean illness ratings at every minute of the 30 min exposure, there was
a significant difference (Wilcoxon: p = 0.001) between the mean illness ratings reported
by the subjects in the two visual conditions. The HMD condition significantly reduced
sickness compared to the monitor condition. The mean illness ratings were taken every
minute during the 30 min exposure to motion (Figure 2). The data in Figure 2 indicate
that the mean illness ratings of subjects for all visual conditions increased over the 30 min
exposure to motion. The maximum difference observed between the two visual conditions



Vibration 2023, 6 49

in the mean illness ratings is 100% at the 22nd minute, with a decrease of more than 66% in
the mean illness ratings of the HMD condition relative to that of the monitor condition.
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Figure 2. Mean illness ratings during the 30 min exposure to roll oscillation in the two visual
conditions.

Based on the mean illness ratings for each subject over the 30 min motion exposure,
there was a significant difference between the subjects’ mean illness ratings in the two
visual conditions. The HMD condition resulted in less sickness than the monitor-view
condition (Wilcoxon: p = 0.007). Figure 3 shows the mean illness ratings for each subject
during 30 min exposure to roll oscillation in the two visual conditions. Based on the
data in Figure 3, most subjects experienced the greatest motion sickness during exposure
to motion with the monitor condition compared to the HMD condition. Three subjects
reported no illness during the 30 min motion exposure in both conditions. The maximum
individual difference observed between the two visual conditions is more than 103%, with
the first subject having a decrease of more than 68% in the mean illness ratings of the HMD
condition relative to that of the monitor condition.
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Figure 3. Mean illness ratings for each subject during 30 min exposure to roll oscillation in the two
visual conditions.

For the option of changing the visual content through the VR HMD device, only two
out of fifteen subjects changed the content during exposure to motion. The two subjects
changed the content multiple times after they started feeling nauseous. However, from the
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data analysis, there is no suggestion of these two subjects having lower motion sickness
relative to other subjects.

For the effect of habituation to motion, order effects were examined by comparing the
mean illness ratings reported by subjects in the first and second sessions. There was no
significant difference in the mean illness ratings reported by subjects in the first and second
sessions (p = 0.878; Wilcoxon).

The accumulated illness ratings during exposure to motion with the HMD condi-
tion were positively correlated with five measures of self-rated susceptibility to motion
sickness provided by the subjects prior to motion exposure: vomiting susceptibility in
the last year (Spearman: rs = 0.615, p = 0.015); total susceptibility to vomiting (Spearman:
rs = 0.535, p = 0.04); total susceptibility to motion sickness in all types of transport (Spear-
man: rs = 0.699, p = 0.004); susceptibility to motion sickness in land transport (Spearman:
rs = 0.623, p = 0.013); and susceptibility to motion sickness in non-land transport (Spearman:
rs = 0.652, p = 0.008). The accumulated illness ratings during exposure to motion in the
monitor condition were positively correlated with one measure of self-rated susceptibility
to motion sickness: illness susceptibility in the last year (Spearman: rs = 0.576, p = 0.025).

3.3. Symptoms

There was a significant difference between the two visual conditions in the total
number of symptoms reported by subjects (Wilcoxon: p = 0.024). Similar to the illness
ratings, fewer symptoms were reported by subjects after the exposure to motion in the HMD
condition than in the monitor condition. Figure 4 shows the total number of each symptom
reported by subjects after exposure to motion with the two visual conditions. From Figure 4,
the highest symptom reported by subjects in each visual condition was general discomfort
and nausea (n = 7 and 5, respectively, in monitor condition) and general discomfort and
stomach awareness (n = 6 and 5, respectively, in HMD condition). The total number of
symptoms reported by subjects was positively correlated with their accumulated illness
ratings over the 30 min exposures to roll oscillation in both visual conditions (Spearman:
rs = 0.869, p = 0.001 and Spearman: rs = 0.920, p = 0.001, respectively).
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Like the illness ratings, the total number of symptoms reported by subjects with the
monitor condition was positively correlated with one measure of self-rated susceptibility
to motion sickness: illness susceptibility in the last year (Spearman: rs = 0.542, p = 0.037).
The total number of symptoms reported by subjects in the HMD condition was positively
correlated with five measures of self-rated susceptibility to motion sickness: illness sus-
ceptibility in the last year (Spearman: rs = 0.644, p = 0.01); vomiting susceptibility in the
last year (Spearman: rs = 0.728, p = 0.002); total susceptibility to motion sickness in all
types of transport (Spearman: rs = 0.695, p = 0.004); susceptibility to motion sickness in
land transport (Spearman: rs = 0.650, p = 0.009); and susceptibility to motion sickness in
non-land transport (Spearman: rs = 0.604, p = 0.017).

4. Discussion

The illness ratings and the symptom scores indicated that motion sickness was in-
fluenced by the visual activity during exposure to roll oscillation. The HMD condition
resulted in significantly less sickness than the monitor condition.

4.1. Effect of Visual Scene

For the beneficial effect of the HMD condition on the development of motion sickness
induced by roll oscillation, only one study compared the effect of monitor view and HMD
view on motion sickness induced by either translational or rotational oscillation. The
previous study indicated that the HMD visual condition produced slightly less motion
sickness than the monitor [10]. The difference in the findings between the two studies may
be explained by the content experienced by subjects while wearing the HMD device. The
previous study used a 2D video of forward view of the simulator, which was recorded, sta-
bilizing the camera on the simulator during motion. The current study used a combination
of 360◦ videos, and each subject was instructed to skip any video causing discomfort. In
addition, some of the subjects who participated in the present study were more familiar
to the use of the HMD device and less susceptible to the sickness triggered by VR. This
suggests that familiarity to VR use while watching suitable 360◦ visual content may help
the subjects engage and not concentrate on the motion during exposure. The suitability of
visual content through the HMD device may depend on the preferences of individuals and
their susceptibility to VR sickness.

Other studies have investigated the influence of having an internal view in a closed
cabin (similar to the monitor condition) on motion sickness caused by either translational
oscillation, rotational oscillation or combined translational and rotational oscillation. Con-
sistent findings indicated that exposure to motion with an internal view of a moving cabin
resulted in the greatest sickness when compared to other visual conditions, including
external view and eye closure/blindfold [6,11,12,15,26,27]. The internal view may include
a visual task (i.e., reading articles, as in the current study), which may cause more motion
sickness than having a static visual view. In a laboratory study with low-frequency trans-
lational oscillation, the visual search task triggered motion sickness more than keeping
the eyes closed [26]. During exposure to linear accelerations in a car with three visual
conditions ((i) eyes open (visual control of car motion); (ii) eyes closed; and (iii) eyes open
(reading a map)), the highest sickness was produced when subjects read a map relative to
the other two visual conditions [11]. A possible explanation for the increase in the severity
of motion sickness with the monitor condition is that the increase in the vestibulo-ocular
reflex (VOR) during reading articles with head movement results in greater eye move-
ments, which may increase the severity of motion sickness experienced by subjects with
this condition [11,28–30].

From Figure 3, although the HMD condition reduced the severity of sickness experi-
enced by the subjects in this study, some subjects reported similar great sickness in both
visual conditions. This suggests that having different visual contents through the VR HMD
device with the option of controlling the content being experienced has no beneficial effect
for all subjects, in particular, those who are unfamiliar with the use of the VR HMD device
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and susceptible to motion sickness. The positive effect of the HMD view on the severity of
sickness may depend on various factors, such as individual differences (i.e., susceptibility
to sickness), familiarity to the use of VR, content and specifications of display [31–34].

Sensitivity of individuals to 3D motion may depend on motion sensitivity cues, such
as monocular, binocular and motion parallax. Subjects were exposed to four cue conditions
(monocular, binocular, combined (both monocular and binocular cues) and full VR (com-
bined condition and motion parallax cues)) to investigate the individual differences [35].
The findings showed that cue sensitivity varied with and across individuals and conflicts
related to motion parallax may be the main source of sickness in VR. In addition, the level
of susceptibility to motion sickness may have a major effect on the severity of VR sickness.
Individuals with high levels of susceptibility to motion sickness experienced greater VR
sickness [31,36]. This is the reason why adaptation to VR 3D motion is a key factor in the
severity of motion sickness.

One of the main display specifications of a VR system is its latency (display lag). The
poor latency in a VR system can lead to a time difference between expected and actual
view, which can cause VR sickness [37]. The Oculus Rift CV1 HMD device (the device used
in this study) has a very low baseline display delay of about 5.3 ms [38] and its motion
to photon latency at the start (Sudden) and middle (Continuous) of the movement was
20.6 ms and 1.5 ms, respectively [39]. The results of comparing four conditions of time delay
(67 ms, 167 ms, 267 ms and 367 ms) indicated that there was an increase in the severity of
VR sickness with increasing time delay [40]. In addition, the increase in head-to-display
delay up to 212 ms decreased the presence and vection in the Oculus Rift CV1 Headset [38].
Inconsistent findings showed no difference found in the severity of VR sickness between
three conditions of time delay, including 48 ms, 125 ms and 250 ms [41]. Draper et al.
suggested that the user can habituate to a fixed time delay during exposure to VR content.
However, this may not occur with a variable time delay, which can result in an increased
VR sickness. It can be concluded that it is difficult to provide an acceptable delay time
because individuals respond differently to latency [42].

4.2. Effect of Duration

Figure 2 shows that the mean illness ratings of subjects for both visual conditions in-
creased over the 30 min exposure to roll oscillation at 0.25 Hz with an angle of rotation (±5◦).
This was different from previous studies [11,27,43]; however, the findings of this study were
consistent with several previous studies. These studies indicated that an increase in motion
sickness was found with increasing duration of exposure to vertical oscillation [44], lateral
or fore-and-aft oscillation [6,45–49], roll or pitch oscillation [1,3], combined fore-and-aft
and pitch oscillation [12] and combined lateral and roll oscillation [4,50–52]. The increase
in the duration of exposure to translational oscillation, rotational oscillation or combined
translational and rotational oscillation can produce an increased magnitude of sensed and
expected signals from the vestibular system. This causes an increase in conflict between
signals, resulting in an increase in the amount of motion sickness.

4.3. Effect of Habituation to Motion

Habituation to motion can occur with the repeated-measures (within-subject) design.
The study’s findings showed no significant difference in the mean illness ratings reported by
subjects in the first and second sessions (p = 0.878; Wilcoxon). This leads to the conclusion
that habituation had no effect on the findings of this study. This was not identical to the
results of two previous studies using a repeated-measures design, which claimed that
habituation could occur if the exposure to the motion was at a weekly interval [4,50].
However, the findings of this study were consistent with many previous studies employing
a within-subjects design, which concluded that habituation had no influence if subjects
were tested at a weekly interval [10,26,53–57].
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4.4. Self-Rating of Sickness Susceptibility

The positive correlation between the accumulated illness ratings during exposure to
motion and the measures of self-rated susceptibility to motion sickness provided by the
subjects prior to motion exposure suggests that the questionnaire responses indicate how
subjects feel during exposure to roll motion in the laboratory. This was consistent with the
findings of a previous laboratory study investigating the same motion direction [1].

4.5. Other Factors Influencing Severity of Motion Sickness

Correlated visual information with motion exposure during the use of a VR HMD
device can reduce sensory conflict due to receiving congruent signals from the vestibular
and visual sensory systems, resulting in decreased sickness. For instance, this is similar to
being exposed to motion in any form of transport while having a clear outside view. Many
previous studies showed a significant effect of having correlated visual information (a clear
outside view) with motion exposure in the alleviation of motion sickness (i.e., [8,11,12]).
In addition, providing visual motion cues through a VR HMD device to match the real
(sensed) motion was found to reduce motion sickness in vehicles [21,22]. The current
study focused on investigating the severity of sickness during exposure to roll motion
with/without a VR HMD device. Further research should investigate the development
of motion sickness while providing visual content through the VR HMD correlated with
degree of roll motion.

The current study only considered male subjects; however, the literature did suggest
that there is a difference between the responses of males and females. Females tend to have a
higher susceptibility to motion sickness in environments with/without VR (i.e., [43,58–62]).
Therefore, female subjects would be expected to have higher illness ratings if they were
recorded. However, some previous studies found no significant differences between males
and females in the vulnerability to motion sickness [35,63]. This suggests that although
females have higher illness ratings, the trend would remain similar to males. In addition,
it is still expected that females show lower illness ratings with the applications of VR
through the HMD device; however, a large-scale study, including both female and male
subjects, would be required to confirm this and to look at the overall effect as the next step
of research.

5. Conclusions

This study investigated the effect of two visual conditions with/without a VR HMD
device on the severity of motion sickness during exposure to low-frequency roll oscillation
in the laboratory. There was a significant difference between the two visual scenes in the
amount of motion sickness induced by 0.25 Hz pure roll oscillation with an angle of rotation
(±5◦). The HMD visual condition produced significantly less motion sickness relative to
the monitor condition. The visual content through the HMD device used in this study
was beneficial in reducing the motion sickness induced by roll oscillation. However, this
view had no effect on the sickness experienced by those vulnerable to sickness caused by
exposure to motion or sickness related to VR use. These findings add to the knowledge that
the visual activity has a significant effect on the development of motion sickness caused
by roll oscillation. Further investigation should consider the factors responsible for the
variation in VR sickness to improve the VR experience during exposure to motion for all
users.
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