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Abstract

In this study, we assessed the relationship between exposure duration and VR sickness severity during 7.5-h virtual immer-
sion. First, we showed that the VR sickness severity was positively correlated to the exposure duration: the longer participants
were exposed to the VR environment, the more severe sickness symptoms they had. Second, we showed a dynamic sickness
adaptation process during a long time of VR exposure: the sickness adaption effect that had already been established could
be broken as the exposure duration continued to increase, and a new sickness adaption process would establish. Moreover,
we showed a distinguishable symptom profile of HMD compared with LCD, which was insusceptible of exposure duration.
This is the first report presenting the temporal pattern of VR sickness during such long-duration exposure. Our study could
offer a predictive model of VR sickness severity level during long virtual immersion and provide suggestions for the use of

VR technology for scientific study, clinical application, and business entertainment.

Keywords Virtual reality sickness - Virtual immersion - Sickness adaption effect - Sensory conflict - Long-duration
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1 Introduction

Virtual reality technology (VR) is a valuable tool that is
increasingly used in neuroscientific research and clinic
rehabilitation (Bohil et al. 2011; Parsons 2015; Farook
et al. 2018, Szpak et al. 2020). Nevertheless, it brings us
not only advantages but also health and safety side effects,
such as VR sickness. VR sickness occurs when people
exposed to a virtual environment (Cobb et al. 1999; Shar-
ples et al. 2008; Kim et al. 2018). It is a bodily discomfort
associated with a series of symptoms such as disorienta-
tion, nausea, vomiting, and visual fatigue. Such discomfort
could induce aversive or disgusting experiences for users,
and have adverse impacts on task performance and clinical
rehabilitation (Stanney et al. 2002; Kim et al. 2005; Kiryu
and So 2007; Nalivaiko et al. 2015; Nesbitt et al. 2017;
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Szpak et al. 2019). The causes of VR sickness are not fully
identified, but many factors have been found to contribute
to VR sickness, including exposure duration (Stanney et al.
2002; Duzmariska et al. 2018), technological issues (e.g.,
time lag, the field of view) (Fernandes and Feiner 2016),
display content (Mazloumi Gavgani et al. 2017, Guna et al.
2019), user’s gender (Munafo et al. 2017) and user’s age
(Arns and Cerney 2005).

Among these factors contributing to VR sickness, expo-
sure duration has a strong effect on the occurrence of VR
sickness. Previous studies have observed that the severity
of VR sickness was monotonically increasing with expo-
sure duration (Moss et al. 2008; Moss and Muth 2011; Liu
2014). For example, Moss et al (2008), Moss and Muth
(2011) measured VR sickness level every 2 min in an expo-
sure duration of 10 min and found a significant positive
correlation between sickness level and exposure duration.
Liu (2014) found that the participants experienced more
severe sickness as the exposure duration increased from 5 to
15 min. Moreover, prolonged exposure time had a predomi-
nant influence on sickness severity, compared with other
factors (So et al. 2001; Moss and Muth 2011). Although the
above-mentioned studies showed the increasing tendency
of VR sickness with time, the exposure durations meas-
ured in these studies were short (from 5 to 30 min), thus
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the generalization of the temporal pattern of VR sickness in
these studies is limited.

Evaluation of the effect of long-duration exposure on VR
sickness is necessary to identify safe exposure, particularly
when applying VR technology in clinical use (Saredakis
et al. 2020). The aim of the current study is to explore the
relationship between long-duration exposure and VR sick-
ness. To achieve this end, we first developed a VR apparatus
in which a virtual office work environment was established
by imitating the real work scene. The virtual office environ-
ment could satisfy human basic needs such as daily office
work, entertainment, communicating, and drinking (Guo
et al. 2019). All participants were immersed in this virtual
office environment for around 8 h. The level of VR sick-
ness was evaluated on average around every 1.5 h, with five
times of evaluation in total, using the Simulator Sickness
Questionnaire (SSQ). This is, to our knowledge, the first
research on the temporal pattern of VR sickness related to
such long-duration virtual immersion.

2 Materials and method
2.1 Experimental design

To reduce individual sickness susceptibility, the current
study was a within-subject design. Immersing the partici-
pants in a virtual office environment was compared to the
control of them in a desktop computer display environ-
ment (Fig. 1a and b). That is, each participant completed
two experimental sessions via two display interfaces: head-
mounted display (HMD) (using HTC VIVE Pro, field angle,
110°, resolution, 1440*1600 per eye) and light crystal diode
(LCD) computer display (using a 24-inch LCD computer
screen, DELL Inc., USA). The two experimental sessions
were scheduled at least one week apart to minimize possible
adaptation effects. The participants were balanced for gender
and the sequence of the two sessions was counterbalanced
across all subjects.

2.2 Participants

Twenty-two participants (12 females, 20-27 years old) were
recruited in this study. All participants were right-handed,
had normal or corrected to the normal version, and had no
history of mental or neurological disorders or sensory disor-
ders. Participants were excluded if they had the experience
of seasickness, car sickness, or sickness caused by seeing 3D
movies. The participants were required to have a full-night
sleep (>7 h) for one week before the experiment, and refrain
from alcohol and caffeine consumption one day before
the experiment and on the day of the experiment. Written
informed consent was obtained from each participant, with
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Fig.1 The schematic diagram of the experimental protocol. Partici-
pants were required to complete four simple office tasks and several
psychological tests including SSQ via HMD (a) or LCD computer
display (b)

the experimental purpose and task informed and the risk of
VR sickness explained. All participants were informed of
their right to withdraw from the study at any time.

2.3 Experimental protocol

The entire experiment was conducted in a hospital. All par-
ticipants came to the hospital on the day before the experi-
ment to be familiar with the HMD and the VR environment.
The experiment started at 9:00 am. All participants came to
the hospital around 8:00 am to complete several pre-exper-
imental questionnaires including the Simulator Sickness
Questionnaire.

We imitated the real work scene during each experimental
session in which the participants were required to perform
four simple office tasks via keyboard and mouse (Fig. la
and b). These office tasks were arranged in order, including
finding wrong-written words, searching for specified content
from a long article, making PowerPoint slides with a specific
aim, and classifying images. The participants completed 4,
90-min blocks with 5-10 min break in between (Fig. 1c).
Each block included one office task except block 3. The
office task was set to last 40 min and stopped automatically
at the end of the time. For block 3, the participants had a
break of 40 min from 12:00 to 12:40 for lunch instead. In
each block, after the office task or lunch finished, the partici-
pants were required to complete several psychological tasks,
then the sickness level was evaluated using the Simulator
Sickness Questionnaire. After the sickness level evaluation,
the participants could take a rest (go to the toilet or listen to
music) for 5-10 min. It should be noted that for the HMD



Virtual Reality (2022) 26:817-822

819

condition, the participants kept wearing the HMD during
the whole session except lunchtime and going to the toilet.
The participants underwent the MRI scan immediately after
they finished the sickness level evaluation in the last block.

2.4 Simulator sickness questionnaire

The simulator sickness questionnaire (SSQ) is a widely used
scale for quantifying simulator sickness levels under VR or
simulator environments (Balk et al. 2017). The SSQ com-
prises 16 sickness symptoms, with variable scores 0, 1, 2,
and 3, corresponding to 4 different degrees of severity: none,
slight, moderate, and severe. The total severity (TS) of sick-
ness symptoms is acquired by a weighted scoring procedure
to obtain a total score that reflects the overall sickness level
(k, 1993). The SSQ can be split into 3 distinguishable but
correlated subscales including disorientation, oculomotor,
and nausea, and the TS score is a composite of the three
subscales.

2.5 SSQ score analysis

To compare the SSQ score between the HMD and the con-
trol condition (LCD), we first perform a 2 (display condi-
tion) X 6 (exposure duration) repeated measures ANOVA to
examine the main effect of display condition on the SSQ
score. Specifically, the display condition included the HMD
and LCD conditions, the exposure duration included pre-
experiment (T0), 1.5 h (T1), 3 h (T2), 4.5 h (T3), 6 h (T4),
and 7.5 h (T5). Then a 1 (participant) X 6 (exposure dura-
tion) repeated measures ANOVA was conducted to reveal
the effect of the exposure duration on VR sickness. Post-
hoc pairwise Bonferroni tests were applied to SSQ score if
the ANOVA had revealed a main effect. A linear regression
analysis was conducted to reveal the relation between SSQ
score and exposure duration. In this study, we mainly used
the SSQ TS score in the analysis because it was considered
the most reliable index for total sickness symptom severity
(Kennedy et al. 2000).

Table 1 SSQ analysis results

3 Results
3.1 SSQ score analysis

SSQ scores evaluated before and during 7.5-h exposure in
HMD and LCD conditions were shown in Table 1.

For SSQ TS score, as shown in Fig. 2a, the two-way
repeated measures ANOVA revealed a statistically signifi-
cant main effect of the display interface (F ,; =63.263,
p <0.0001), with a significantly higher SSQ total score
for HMD compared with the control condition. A sig-
nificant main effect of exposure duration was also found
(Fs.105=13.608, p<0.0001). The interaction effect
between the display interface and exposure duration was
not significant (Fs ;o5=2.787, p=0.066).

A repeated measures ANOVA revealed a signifi-
cant effect of exposure duration on SSQ TS score
(Fs.105=28.885, p<0.0001) for the HMD condition. SSQ
TS score significantly increased exposure time. Post-hoc
Bonferroni tests showed significant differences between
different exposure durations. All SSQ TS scores were sig-
nificantly higher during VR exposure (T1-T5) as com-
pared to pre-experiment (TO) (for all, p <0.05). Further-
more, the SSQ TS score was significantly increased in T4
and T5 compared with T1 (for all, p <0.05).

The variation curve of sickness symptom severity
along with time was drawn for disorientation, oculomotor,
and nausea subscales, respectively to reveal the relation
between exposure duration and SSQ subscale (Fig. 2b—d).

Moreover, the sickness symptom profiles were distin-
guishable between HMD and LCD conditions. As shown
in Fig. 3, the HMD showed a prominent symptom of diso-
rientation compared with oculomotor disturbance and
nausea (Fig. 3a), while the LCD showed proportionately
more oculomotor disturbance than disorientation and nau-
sea (Fig. 3b).

Interface SSQ Exposure duration (Mean + SEM)
Pre-exposure (T0) 1.5h (T1D) 3h(T2) 4.5h (T3) 6 h (T4) 7.5 h (T5)
HMD Disorientation 20.2+5.8 443+74 58.8+10.9 585+11.3 66.4+114 74.6+12.9
Oculomotor 12.1+2.7 33.4+4.5 444+54 47.5+7.1 55.1+6.2 572475
Nausea 35+1.3 12.1+29 19.9+4.6 20.5+5.0 22.1+4.6 252+5.6
Total score 74+2 17.6+2.7 23.5+39 243+4.4 27.4+4.3 30.2+4.9
LCD Disorientation 7.6+4.1 7.6+2.5 15.8+5.4 22.1+6.3 25.3+6.3 29.7+8.2
Oculomotor 7.2+4.7 13.8+2.8 20.3+4.5 26.2+5.3 29.3+4.8 345+59
Nausea 5.6+3 3.0+1.2 10.0+£2.9 9.1+2.1 74+1.7 143+3.2
Total score 3.6+1.7 42+1.1 8.0+22 10.4+2.5 11.4+2.4 14.0+3.2
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Fig.3 Sickness symptom profiles in HMD (a) and LCD (b)

4 Discussion

The changing trend of VR sickness during 7.5-h virtual
environment immersion has not been reported. Only one
study used varying exposure duration times in different
experimental data sets and to examine the influence of
exposure duration on VR sickness levels during 3 or more
hours of virtual exposures (Kennedy et al. 2000). How-
ever, due to the limits of the technology, the HMD devices
used in the previous studies easily induced more severe
sickness symptoms compared with modern HMD devices.
Thus, the temporal pattern of sickness level generalized
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from previous experimental data sets could not be gener-
alizable under modern experimental conditions.

Our study provided the first evidence of the temporal pat-
tern of VR sickness during long-duration virtual immersion.
Based on 7.5-h immersion in the virtual office environment,
we assessed the relationship between VR sickness level and
exposure duration and identified a significant positive lin-
ear relationship between sickness level and exposure dura-
tion time. Previous studies based on various approaches
have found an increasing tendency of sickness levels to rise
over time, despite their relatively short length of exposure
time compared with our study (Stanney et al. 2002; Moss
et al. 2008; Moss and Muth 2011). These results lead to
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the conclusion that the temporal pattern of VR sickness is
stable despite the technological issues of the VR system
(Duzmariska et al. 2018). Our results confirmed the conclu-
sion that the VR sickness severity is more severe when the
exposure duration is longer, even during such a long time
virtual immersion. The temporal pattern of VR sickness
identified in our study could offer a model for the prediction
of the level of VR sickness based on exposure time, thus
guild the design and use of VR technology for scientific
study, clinical application, and business entertainment.

Previous studies showed that the severity of VR sickness
could reach its peak level after a certain amount of time of
immersion, which is known as the sickness adaptation effect
(Lampton et al. 2000; Moss et al. 2008; Brooks et al. 2010;
Sinitski et al. 2018). Our study revealed that the sickness
adaption effect was not stable in the case of long-duration
exposure. In the current study, total sickness severity was
increased sharply as the exposure duration increased from
0 to 1.5 h, then the increasing rate gradually became slow,
with no significant difference of total sickness severity
observed when compared SSQ TS scores on T1, T2, and
T3. These observations implied that, during the first 4.5-h
VR immersion, the participants had severe VR sickness
symptoms first as they were exposed from the real world to
the virtual world, then they gradually adjusted themselves
to the virtual environment so that the sickness adaptation
was achieved. However, as the exposure time continued to
increase, the sickness adaptation was broken, which was
verified by the significantly higher level of total sickness
observed on T4 compared with T1. Our results indicated that
after a period of time of immersion, a threshold of sickness
level appeared and persisted for some time (T1-T3), then
the sickness adaptation effect began to diminish and a new
threshold level showed up as the time of exposure continues
to increase (T4-T5), revealing a dynamic process of sickness
adaptation during a long time of VR exposure.

Our study also provided the direct comparison of symp-
tom profiles and total sickness symptom between HMD and
LCD monitor among five duration categories. The symp-
tom profiles of the two display interfaces were quite distin-
guishable. Disorientation was the prominent symptom for
HMD, while the LCD monitor showed proportionately more
symptoms of oculomotor disturbance compared with nausea
and disorientation. Sharples et al. (2008) compared sickness
characteristics of HMD against the desktop computer, real-
ity theatre, and projection screen after 30-min exposure in
an interactive virtual environment and found significantly
higher SSQ TS and disorientation scores in comparison
with desktop computer and reality theatre. More recently,
Guna et al. (2019) studied the sickness characteristics of four
types of VR HMDs and 2D TV screens and found similar
results in both neutral and action video display conditions.
The specific feature of VR sickness was also identified when

compared with a flight simulator (Kennedy et al. 2003).
Taken together, these studies show that VR sickness has dis-
tinguishable sickness characteristics manifested in severity
level and symptom profile, compared with sickness induced
by LCD monitor and simulator sickness.
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