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Abstract—Motion sickness (MS), particularly the type 

triggered by visual cues known as visually induced motion 

sickness (VIMS), occurs due to conflicting sensory signals and 

can arise from various visual devices like video games, VR, and 

simulators. Termed cybersickness in virtual environments, it can 

negatively impact health, simulator effectiveness, and VR 

training outcomes. Detecting and quantifying MS is essential for 

developing countermeasures. Existing research on 

cybersickness, particularly its relationship with physiological 

responses like pupil diameter (PD), has yielded inconsistent 

findings. This study focuses on cybersickness in a stationary 

helicopter simulator, using PD as a measure. It investigates how 

different weather conditions (clear vs. stormy) affect 

cybersickness, measured by the simulator sickness questionnaire 

(SSQ), and examines the correlation between SSQ scores and PD 

changes. The findings show a significant increase in SSQ total 

score from clear to stormy weather conditions. The results also 

suggest a trend of increased pupil diameter over time in stormy 

conditions with a slight significance. 

I. INTRODUCTION 

In 1881, Irwin [1] used the term “motion sickness (MS)” to 
explain the occurrence of seasickness. Irwin explained that 
seasickness is not only induced by turbulent water, but also by 
various other motions in different directions for an appreciable 
time. MS [1, 2] is a common phenomenon that appears to have 
started ever since humankind started travelling [3]. MS is a 
typical disruption that appears in healthy individuals as a 
physiological reaction due to unpredictable movements based 
on prior experience or conflict between the perceived 
sensation from different sensory systems [4, 5]. 
Transportation, automobile and entertainment industries have 
broadened the spectrum of provocative movement experiences 
over the past centuries to vehicles, tilting planes, funfair rides, 
planes, space, virtual reality (VR), and simulators [6, 7] Most 
people have experienced those unpleasant feelings of 
dizziness, nausea, vomiting, drowsiness, stomach awareness 
and discomfort, which are the main symptoms of MS, during 
travels at least once in a [4], 8, 9] 

According to the sensory conflict theory, MS is the result of 
a disparity between the information provided by sensory 

 
 

systems like the visual, vestibular, and proprioceptive systems, 
and the perceived information. That is, if the incoming signals 
are different from the stored information in the central nervous 
system (CNS), then the sensory conflict occurs leading to MS 
[10 – 13]. The theory of eye movement explains that moving 
visual cues can trigger the vagal nerve leading to MS 
symptoms. Although these theories provide an explanation to 
what might be the cause behind MS, the issue of MS remains 
to be unsolved yet MS [13]. 

While VR technology has been significantly improved and 
successfully used in different domains, it still has not achieved 
its expected growth as a consumer-grade technology. The 
advent of HMDs has introduced another form of sickness 
known as "cybersickness" due to associated functional issues 
such as latency between actual head motions and the produced 
picture, which can cause unpleasant symptoms. Nowadays, 
simulator sickness and cybersickness are used interchangeably 
to describe motion sickness induced by VR [14]. Motion 
simulators serve as invaluable tools in training and human 
performance analysis, providing researchers and instructors 
with valuable insights into human behaviour, decision-
making, and skill acquisition in both simulated driving and 
aviation environments [15 – 21]. Motion simulators equipped 
with high-efficiency motion cueing algorithms can provide a 
realistic environment for training and human performance 
analysis [18 – 23]. 

The type of MS which is mainly triggered by visual cues 
rather than by physical motion cues is referred to as visually 
induced motion sickness (VIMS). In general, VIMS can take 
many forms depending on each specific types of visua devices 
such as video gaming sickness, cinerama sickness, VR 
sickness, cybersickness, or simulator sickness. Although the 
implementation of simulators and VR might also include using 
moving platforms and the provoked symptoms are not purely 
attributed to visual inputs, this still falls under VIMS since the 
main factor of experiencing motion sickness can be the visual 
system [24, 25]. The correlation between the actual motion and 
how it causes MS has been widely investigated and prediction 
approaches have been developed (e.g. [26]); however, how 
MS is visually induced by only visual cues is still unclear [24]. 
Physiological data are widely used as effective measures for 
analysing human performance (e.g., motion sickness, stress, 
cognitive load, human behaviour, and etc.) [27 - 29]. 

One of the essential keys of exposure to VR/Virtual 
Environment (VE) based simulators is the user comfort during 
simulated scenarios [30]. Adverse results, such as discomfort, 
can make training sessions shorter and increase dropout rates 
of users [30 – 32]. Several studies [33 – 35] reported a high 
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dropout rate of participants due to experiencing adverse effects 
such as nausea. Furthermore, adverse effects can become 
extreme and might require immediate attention at the hospital 
[35, 36]. 

Recent investigations into the physiological effects of 
virtual reality (VR) have examined how pupil dynamics 
correlate with cybersickness. Chen et al. [37] demonstrated 
that both negative and positive emotive VR content can lead 
to pupil dilation, with haptic-visual feedback causing the most 
significant change in pupil size. This finding suggests that 
multi-sensory feedback in VR can significantly influence pupil 
response [37]. This is in line with previous research that 
showed pupil dilation can be a response to emotional arousal, 
with dilation occurring in response to pleasant images and 
constriction in response to unpleasant ones (Hess et al., 1960 
as cited by Chen et al. [37]). 

Another research by Ozkan and Celikcan [27] has shown 
that pupil diameter tends to decrease in response to VR-
induced cybersickness, particularly when the VR experience 
requires focusing on nearby objects, triggering what is known 
as the "pupil near response". Yet, increased pupil size has also 
been associated with cybersickness, especially when related to 
movement speed within the VR environment. 

It was further observed by Ozkan and Celikcan [38] that 
eye-activity features, such as changes in pupil size, vary in 
response to different types of VR-induced cybersickness 
across various sessions. The progression of VR sessions has 
been linked with an increase in symptoms like nausea, 
oculomotor discomfort, and disorientation, indicating that the 
severity of persistent cybersickness may change with each 
session. 

Together, these studies suggest a complex relationship 
between pupil size changes and cybersickness, influenced by 
several factors, including the type of VR content, the presence 
of emotional triggers, and the duration of VR exposure. The 
findings highlight the need for ongoing research to fully 
understand the physiological responses to VR and how to 
optimize VR experiences for user comfort[37, 38]. 

Limited number of studies reported that cybersickness 
contributed to significant changes in human biophysiological 
signals, such as PD reduction in VR [39] and stereoscopic 
video movies [40] Koo et al. [41] studied the changes in PDs 
in relation to subjective scores of visual fatigues. The study 
concluded that visual fatigue increased while watching videos, 
especially in younger participants. The increase in fatigue was 
accompanied by a decrease in PD in most of the viewing 
period. On the other hand, a study by Park et al. [42] concluded 
that an increase in PD was reported during motion sickness. 

There is still ongoing research on finding correlations 
between cybersickness and the change of PD; however, (i) no 
consistent findings were found, (ii) the control of simulated 
vehicles was limited to artificial intelligence (AI), therefore, 
there is a need to assess cybersickness while human in control 
of the simulated vehicle (iii) also, the test scenarios in the 
simulated environment are limited to one default scenario at 
optimal weather conditions. Therefore, the motivation of this 
study was to further investigate PD as a reliable and consistent 
indicator of MS. 

This study explored the impact of weather conditions, 
including clear and stormy, on cybersickness levels in a virtual 
reality helicopter simulator. Objective measures, such as 
changes in PD, were used to assess cybersickness. 
Additionally, participants completed the Simulator Sickness 
Questionnaire (SSQ) for subjective scoring. 

This conducted research aimed to investigate how the 
change in weather conditions (such as weather change from 
clear to stormy) affects MS level and PD size. In addition, the 
overall correlation between MS and PD. We hypothesised that 
MS level increases when the weather changes from clear to 
stormy. We also hypothesised that there is a significant 
correlation between the change in MS level and the change in 
PD size when considering different weather conditions. 

II. RESEARCH MATERIALS AND METHODS 

A. Participants 

Sixteen males aged 18 to 45 volunteered for this study. All 
data collection and experiments adhered to COVID-19 
regulations and guidelines, and the research was approved by 
the Ethic Committee of Deakin University. All participants 
completed a COVID-19 screening form, read and signed the 
consent form, and were provided with a plain language 
statement (PLS). 

All participants were asked to complete a pre-SSQ to assess 
their wellbeing before conducting the experiment. Participants 
underwent a 10-minutes training session (5-min flatscreen 
training and 5-min HMD training). The main objective of the 
training session was to equip participants with basic 
knowledge and experience in flying and operating the 
helicopter simulator. 

The flying scenario consisted of 4 different weather 
conditions namely: “clear”, “broken” and “stormy” weather 
and “controlled by artificial intelligence”. The duration of each 
scenario was up to 7-min. However, only the results from two 
scenarios, clear and stormy weather conditions, were used in 
this article. 

B. Procedure and Experimental Setup 

The experiment comprised of three key phases. Initially, 
participants received a briefing on the experiment's objective, 
followed by the attachment of measurement devices to their 
bodies after completing relevant forms. Then participants 
answered a pre-SSQ, followed by a 10-minute helicopter 
training session. Those with a history of severe MS, as 
indicated by their pre-SSQ answers, were excluded from the 
experiment. 

Random order of flying scenarios was assigned to 
participants. Participants were tasked to fly figure-8 like 
pattern. Participant were asked to complete a post-SSQ at the 
end of each scenario. This study adopted a 0-10 scale to 
complete both SSQs (pre- and post-SSQs), rather than using 
the 0-3 scale SSQ by Kennedy et al. [43] so that the scale 
provided has more flexibility 

C. Helicopter Simulator and Devices 

In this work, the flight simulation was carried out using 
Xplane11, focusing on the Sikorsky S-76 helicopter, which 
cruises at 155 knots. The objective was to explore the effects 
of distinct weather conditions on cybersickness and 



  

physiological responses. Two weather scenarios were 
examined: the default 'clear' setting in Xplane11 and a 'stormy' 
environment that was tailored with a specific configuration. 
This configuration included a cloud layer and two wind layers: 
the first wind layer had a direction of 52 degrees with gusts 
reaching 16 knots at an altitude of 25,000 feet (mean sea level, 
msl), and the second was directed at 70 degrees with a steady 
wind of 14 knots and similar gusts at 2,500 feet (msl). 
Comparative visuals of these weather conditions are presented 
in Figure 2. 

The experimental flights within the study utilized the 
Avalon airport in Victoria, Australia as a standard take-off and 
landing site across all scenarios, chosen for its familiarity to 
the participants. Pilots were instructed to follow a number-8-
like flight pattern, a route that incorporates both linear 
trajectories and acute manoeuvres. 

The research employed a stationary helicopter simulator 
connected to a desktop computer with robust specifications: a 
64-bit Windows 10 operating system, an Intel Core i7-9700 
CPU clocked at 3.60GHz, a Z390 X-CF motherboard, 32GB 
of RAM, and an NVIDIA GeForce RTX 2080 Super with 8GB 
of video memory. Data capture was achieved using an HTC 
Vive Head-Mounted Display (HMD), integrated with Tobii 
Pro VR technology. This setup enabled the collection of 
detailed eye-tracking data, including pupil size for each eye. 

III. RESULTS AND DISCUSSION 

In the group of participants, 56% wore corrective eyewear, 
and 69% had previously experienced motion sickness (MS). 
Notably, there were no reports of pre-existing discomfort 
before the experiments commenced. All the participants 
successfully completed a 7-minute flight under clear weather 
conditions in the simulator. Nevertheless, during the stormy 

weather simulation, two participants reported intense 
cybersickness and requested to end their flight sessions early.  

The Total Score (TS) for cybersickness in the study was 
determined using the Simulator Sickness Questionnaire (SSQ) 
developed by Kennedy et al. [32]. The calculation of the SSQ 
score included an analysis of the key decision making factors 
in sixteen questions, determined by three groups of symptoms: 
nausea (N), oculomotor (O) and disorientation (D). The 
calculation of the TS score is calculated using the following 
equations: 

𝑁 = 9.57 × (𝑎)  () 

𝑂 = 7.58 × (𝑏)  () 

𝐷 = 13.92 × (𝑐)  () 

𝑀𝑆 𝑇𝑜𝑡𝑎𝑙 𝑆𝑐𝑜𝑟𝑒(𝑇𝑆) = ((𝑎) + (𝑏) + (𝑐)) × 3.74 () 

where (a) = Σ (General discomfort, Difficulty focusing, 
Increased salivation, Sweating, Nausea, Stomach awareness, 
Burping), (b) = Σ (General discomfort, Fatigue, Headache, 
Eyestrain, Difficulty focusing, Difficulty concentrating, 
Blurred vision), and (c) = Σ (Difficulty focusing, Nausea, 
Fullness of head, Blurred vision, Dizziness eyes open, 
Dizziness eyes closed, Vertigo) [32]. The scores for each 
group range from 0-200 for N, 0-292 for D, 0-159 for O and 
0-179 for TS [14]. 

Figure 3 The graph presents a regression analysis using data 
from the Simulator Sickness Questionnaire (SSQ) to compare 
Total Sickness (TS) scores across different simulated weather 
conditions. Individual participant scores are denoted by blue 
points, illustrating the variation in reported sickness. The red 
regression line, marked with an Rsquared value of 0.84, 
signifies a robust positive correlation, indicating that 

 
  

Fig. 2.  Screenshots from Xplane 11’s environment. Clear weather (left) and stormy weather (right).. 

  
Fig. 1.  Experimental setup: Display (left) and stationary platform Helimod (right). 



  

participants generally report greater sickness in stormy 
conditions. This trend highlights the influence of 
environmental complexity on simulator sickness. 

PD was investigated within the same weather condition 
while using the HMD (i.e., before flying vs while flying) to 
ensure being exposed and adapted to illuminance level of the 
VR environment. To address this, we have conducted more 
analysis for the average size of the PD for the stormy weather 
conditions at the start of the experiment (1st 10 seconds), 
where there is no report of cybersickness, and for the 
remainder of the experiment. The PD was collected and 
analysed to investigate the correlation between the 
cybersickness level and PD size with respect to the two 
different weather conditions in VR. 

Figure 4 illustrates a comparative regression analysis of 
pupil diameter measurements during the first 10 seconds 
against the remaining time under clear and stormy weather 
simulations. The blue and red markers represent individual 
readings under clear and stormy conditions, respectively. The 
regression lines indicate a consistent increase in pupil diameter 
over time for both weather scenarios. Notably, the steeper 

slope of the line during stormy conditions suggests a more 
pronounced reaction, potentially attributable to the increased 
environmental demands of this scenario. 

To examine the significance of differences while 
considering the effects of both condition (clear vs. stormy) and 
PD (initial vs. remaining time), we calculated paired sample t-
tests. The paired t-test for total sickness between clear and 
stormy conditions yields a t-statistic (t) of -4.04 and a p-value 
(p) = ~ 0.0014. Given that p < 0.05, the difference in total 
sickness scores is statistically significant. The directionality 
indicated by the negative t value suggests greater total sickness 
in stormy conditions as compared to clear conditions. 

For the initial pupil diameter (1st 10 seconds), the paired t-
test yields a t-statistic (t) of -0.96 and a p-value (p) of 
approximately 0.3534. This p-value is above the 0.05 
threshold, suggesting that there is no statistically significant 
difference in initial pupil diameter between clear and stormy 
conditions. The paired t-test for pupil diameter for the 
remaining time gives a t-statistic (t) of -2.08 and a p-value of 
approximately 0.0578. This p-value is marginally above the 
0.05 threshold. While this suggests that there is no statistically 
significant difference at the 0.05 level, it is close enough to 
warrant further investigation or to suggest a possible trend 
where the pupil diameter for the remaining time might be 
larger in stormy conditions. 

To investigate results further, box plots were constructed to 
compare the distribution of TS and PD across the two 
scenarios. Figure 5 illustrates that the median total sickness is 
higher in the stormy condition (TS_sc2) compared to the clear 
condition (TS_sc1). The interquartile range (IQR) is wider in 
the stormy condition, indicating more variability in sickness 
levels among participants. 

Figure 5 also shows that the medians of initial pupil 
diameters are similar between clear and stormy conditions, 
though the box for stormy conditions is slightly higher, 
aligning with the lack of statistical significance found in the t-
test. The IQR is slightly wider for clear conditions, suggesting 
a bit more variability in initial PD measurements under clear 
conditions. Also, the medians of pupil diameter for the 
remaining time are higher in the stormy condition with higher 
spread in the measurements, as indicated by a wider IQR. 

In summary, the box plots confirm the results of the 
statistical tests, showing a significant difference in total. 
sickness between conditions, no significant difference in initial 
PD, and a slight, non-significant trend towards higher 
remaining PD in stormy conditions. 

The statistical analysis and visual comparison paint a 
consistent picture: participants experience more pronounced 
sickness in stormy conditions, and while their initial pupil 
response doesn't differ significantly from clear conditions, 
there is a suggestive trend that the pupil diameter may increase 
as they continue to be subjected to stormy conditions. This 
could imply a physiological adaptation or stress response that 
intensifies with sustained exposure to a challenging 
environment. These findings underscore the complex 
interaction between environmental conditions and 
physiological responses, as evidenced by the changes in total 
sickness and pupil diameter under varying scenarios. 

 
Fig. 3.  Regression analysis of total sickness scores (TS) between scenario 1 
(clear weather) and scenario 2 (stormy weather). Data points represent the 

TS scores for individual participants in each scenario, with the red line 

indicating the best fit illustrating the positive correlation between the 

conditions. The R-squared value of 0.84 denotes the proportion of variance 
in TS Scenario 2 that I predictable from TS Scenario 1. 

 
Fig. 4.  Scatter plot showcasing the relationship between the average pupil 
diameter in the first 10 seconds (Avg_1st_10Seconds) and the average 

remaining time for both clear and stormy weather conditions. Each point 

represents an individual participant's measurements, with the fitted 

regression lines illustrating the general trend for each weather condition. 



  

The statistical analysis and visual comparison paint a 
consistent picture: participants experience more pronounced 
sickness in stormy conditions, and while their initial pupil 
response doesn't differ significantly from clear conditions, 
there is a suggestive trend that the pupil diameter may increase 
as they continue to be subjected to stormy conditions. This 
could imply a physiological adaptation or stress response that 
intensifies with sustained exposure to a challenging 
environment. These findings underscore the complex 
interaction between environmental conditions and 
physiological responses, as evidenced by the changes in total 
sickness and pupil diameter under varying scenarios. 

IV. CONCLUSIONS 

This study set out to explore the impact of different weather 
conditions, specifically clear and stormy, on cybersickness 
levels in a virtual reality helicopter simulator, with a focus on 
the correlation between motion sickness and pupil diameter 
(PD). Our findings indicate a significant increase in total 
sickness scores during stormy conditions compared to clear 
conditions, as evidenced by the results from the Simulator 
Sickness Questionnaire (SSQ). This underscores the influence 
of environmental complexity on simulator sickness. 

Interestingly, while initial pupil diameter measurements did 
not show a significant difference between the two conditions, 
there was a suggestive trend of increased pupil diameter over 
time in stormy conditions. This may indicate a physiological 
adaptation or stress response that intensifies with sustained 
exposure to a challenging virtual environment. 

The study highlights the complex interplay between 
environmental conditions and physiological responses in 
virtual reality settings. It also emphasizes the importance of 
considering environmental factors when designing VR 
experiences to minimize cybersickness and enhance user 
comfort. These findings could be pivotal for future 
developments in VR technology, particularly in applications 
where environmental realism and user comfort are paramount, 
such as pilot training and therapeutic interventions. 

By advancing our understanding of the physiological 
responses to VR environments, this research contributes to the 

ongoing efforts to optimize VR experiences, balancing the 
need for realism with the imperative of user well-being. In 
future studies, more advanced simulators with novel motion 
cueing algorithms will be used to deliver highly realistic 
simulated environments to users [44]–[48]. In addition, more 
advanced AI method will be used for the MS analysis [49] 
[50]. 
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  N = 9 . 57 × ( a )


  O = 7 . 58 × ( b )


  D = 13 . 92 × ( c )
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