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ABSTRACT

Based on a systematic literature review of more than 300 papers
published over the last 10 years, we provide indicators that the sim-
ulator sickness questionnaire (SSQ) is extensively used and widely
accepted as a general discomfort measure in virtual reality (VR)
research — although it actually only accounts for one category of
symptoms. This results in important other categories (digital eye
strain (DES) and ergonomics) being largely neglected. To contribute
to a more comprehensive picture of discomfort in VR head-mounted
displays, we further conducted an online study (N=352) on the
severity and relevance of all three symptom categories. Most im-
portantly, our results reveal that symptoms of simulator sickness
are significantly less severe and of lower prevalence than those of
DES and ergonomics. In light of these findings, we critically discuss
the current use of SSQ as the only discomfort measure and propose
a more comprehensive factor model that also includes DES and
ergonomics.
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1 INTRODUCTION

Feelings of discomfort or even sickness are well-known, frequent,
and often unavoidable byproducts when using VR head-mounted
displays (HMDs) [93]. Several reviews on discomfort in VR have
investigated and presented possible causes for discomfort, includ-
ing hardware, content, as well as causes related to human factors
[18, 80, 84]. Others have demonstrated that effects of discomfort
in VR HMDs - also known as VR sickness [18, 49], cybersickness
[22, 80, 85], or visually induced motion sickness [45] — are distinct
from those of simulator sickness [62, 88], which is typically mea-
sured with the simulator sickness questionnaire (SSQ) [46]. The
SSQ was introduced in the 90s for the assessment of sickness symp-
toms during professional flight simulator training [18, 84]. While
revised questionnaires specifically for VR settings based on the SSQ
were proposed, such as the Virtual Reality Sickness Questionnaire
[49] or the Revised SSQ [48], these only provide a modified factor
structure and do not include other symptom categories of discom-
fort. Single item measures asking participants to rate their sickness
on a linear scale are commonly used alternatives but further reduce
the complexity of discomfort [25, 47, 56].

When measured with the SSQ, symptoms in VR result in higher
and a different distribution of severity scores across the three sub
scales (nausea, oculomotor, disorientation) than simulator sick-
ness, with disorientation scoring highest, followed by nausea, and
oculomotor symptoms. In contrast, in simulator sickness studies,
oculomotor symptoms scored highest, followed by nausea and dis-
orientation [84, 88]. Moreover, sickness in simulators and VR HMDs
has been understood as a form of motion sickness that is caused
by conflicting visual and vestibular information [62]. Therefore,
given that it was developed based on the Pensacola Motion Sickness
Questionnaire (MSQ) [43], the SSQ mainly addresses symptoms of
motion sickness. However, in contrast to simulator sickness, symp-
toms in VR can occur with visual stimulation and the absence of
vestibular stimulation [62], which causes an illusory feeling of self-
motion called vection [33]. Finally, and most importantly, symptoms
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of DES [3, 82] or symptoms concerning the headset’s ergonomics
(ERG) [28] were found being important contributors to discomfort
in VR HMDs, which indicates that discomfort symptomatology in
VR HMDs includes more than motion sickness symptoms.

This work makes three original contributions to address the
aforementioned limitations and, thus, contribute to a better under-
standing of discomfort in VR HMDs. First, we conducted a system-
atic literature review on the current use of SSQ in VR studies. Our
review covers more than 300 papers published over the last 10 years
in three academic databases (ACM DL, IEEE Xplore, and ScienceDi-
rect). We found that the SSQ is indeed being used as a tool to assess
general discomfort in HMDs rather than being specifically used to
assess simulator sickness. In addition, important additional factors
of discomfort (DES and ERG) are largely neglected in VR research.
To evaluate the relationship of simulator sickness, DES, and ERG as
well as their importance for current VR users, we then conducted a
large-scale online user study (N=352). Results from our study show
that symptoms of simulator sickness occur less severely and are
less relevant to users actually owning and using the technology in
comparison to DES and ERG symptoms. Using a series of factor
analyses, we further suggest that the factor structure of discomfort
addressing these three categories in VR HMDs is comprised by
six factors with ERG symptoms contributing most to discomfort,
followed by DES and simulator sickness. The specific contributions
of this work are:

o A systematic literature review covering more than 300 papers
that shows that the SSQ has become the de facto standard
without necessarily questioning whether it fits the research
question. And despite the fact that SSQ was (1) developed
for a different purpose and (2) only covers a single category
of symptoms of discomfort.

e An extensive online user study (N=352) showing that simu-
lator sickness symptoms are less severe and less important
to frequent VR HMD users than symptoms of ERG and DES.

e A more comprehensive factor model of discomfort in VR
HMDs, suggesting that discomfort in VR HMDs is comprised
by (at least) three orthogonal, independent factors (ERG, DES,
and simulator sickness).

We hope that these findings will trigger a discussion and re-
thinking in the community of using SSQ as the main measure of
discomfort. Our analysis reveals that it is important to shift focus
towards more types of symptoms (such as ERG and DES symptoms)
that affect users of VR headsets right now and in future. We believe
that our results have the potential to lay the foundation for the
development of a more sensitive and comprehensive measure in
the future.

2 SYSTEMATIC LITERATURE REVIEW ON
CURRENT PRACTICE IN THE USE OF SSQ

A critical assessment of SSQ as a measure of discomfort in VR
HMDs first requires to understand why and how the questionnaire
is currently being used in the field and how its results are being
reported in research papers. To this end, we conducted a systematic
literature review with meta-analysis covering more than 300 papers
published over the last 10 years. In stark contrast to other recent
reviews of SSQ, we intentionally did not focus on influencing factors
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or causes of simulator sickness [18, 80, 84], but instead on the
authors’ rationales for using it. To conduct the review, we followed
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [65] that were previously used to review factors
causing simulator sickness in VR HMDs [84].

2.1 Method

2.1.1 Identification of Sources. We searched in the following three
academic databases: ACM Digital Library (ACM DL)!, IEEE Xplore?,
and Science Direct®. We opted for these databases given that they
cover the most relevant conferences and journals for human-computer
interaction and VR research (e.g., CHI, IEEE VR, IEEE ISMAR).
The search was conducted between July 1, 2020 (ACM DL and
IEEE Xplore) and July 22, 2020 (ScienceDirect). We searched the
databases’ full text collections with the combined term ”simulator
sickness questionnaire® between the years 2010 and 2020. This ini-
tial search resulted in 833 papers. The summary of the following
screening process is shown in Figure 1.

2.1.2  Screening of Relevant Research. In the first screening phase,
two of the authors read through the title, abstract, and reference
sections of all 833 papers. 247 papers were excluded based on the
following exclusion criteria: no access to full text (115, e.g., Ling
et al. [66]), no citation of SSQ (67, e.g., when a simulator sickness
questionnaire was mentioned but not cited, such as Kaber et al.
[42]), meta papers (34, e.g., surveys and reviews, such as Grubert
et al. [31]), not written in English (12, e.g., Gongalves et al. [29]),
duplicates (12, i.e., the same study or paper at a different venue with
the same or different title, in this case only the earliest publication
was included e.g., Kutsuna et al. [92] (excluded), Kutsuna et al. [59]
(kept)), and not part of the conference proceedings (7, e.g., a doctoral
consortium, such as Maloney et al. [71]).

2.1.3  Eligibility. In the second screening phase, the same two au-
thors assessed the eligibility of the remaining 586 papers based
on the following inclusion criteria. Only papers were included that
presented a study in which the SSQ was used and in which mean
values were reported. 189 papers were excluded that stated to have
used the SSQ, but did not report on the results (e.g., D’Angelo et al.
[21]).

Another 57 papers were excluded, because they did not report
absolute, but only relative values (e.g., Polonen et al. [79]), 12 did
not actually employ the SSQ (e.g. da Costa et al. [60]), in 12 the
data was not extractable (e.g., because values were reported on a
different scale and the conversion was not transparently reported,
such as Lugrin et al. [69]), and 7 used a modified version of SSQ
(e.g., Lopez et al [67]).

2.1.4  Analysis of Included Papers. Papers were annotated with
regard to the rationale for employing the SSQ, the mean values
for the total score, as well as for sub scale scores and single item
values. We further coded whether only post- or pre- and post -
exposure values were reported, whether a visuo-vestibular conflict
was present, the type of system that was used, the gender distribution
of the sample that was reported, and whether additional DES or

Uhttps://dl.acm.org/, accessed September 10th, 2020
Zhttps://ieeexplore.icee.org/, accessed September 10th, 2020
Shttps://www.sciencedirect.com/, accessed September 10th, 2020
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Articles screened on basis of title, abstract, and reference section |—> Excluded (n = 247)

!

Included (n = 586)

| Manuscript review and application of inclusion criteria |—> Excluded (n =277)

| Included in quantitative synthesis (n = 309) |

no access to full text (n = 115)

no citation of SSQ (n = 67)

questionnaire used not SSQ (n = 34)

not written in English (n = 12)

duplicate (n = 12)

not part of the conference proceedings (n = 7)

used SSQ but no values reported (n = 189)
only relative values reported (n = 57)
questionnaire not employed (n = 12)

data not extractble (n = 12)

modified version of SSQ (n=7)

Figure 1: PRISMA flow diagram of selection process.

ERG measures were employed. Initially we also coded whether
papers only reported on pre-exposure, but since no paper of the
data set solely reported on this, we left that out. The final set of
papers with all annotations and exclusion criteria is available in
the supplementary material.

2.2 Data Analysis and Results

2.2.1 Rationale for Using the SSQ. In roughly half of the final pa-
pers (170/55%) authors clearly stated that they used the SSQ to
assess either simulator sickness (113/37%, e.g., Abd-Alhamid [1]),
cybersickness (43/14%, e.g., Benzina et al. [6]), visually induced mo-
tion sickness (10/3%, e.g., [90]), or VR sickness (5/2%, e.g., Lubeck et
al. [68]). The vast majority of the remaining papers (82/27%) did not
provide a reason for employing SSQ (e.g., Bolte et al. [10]). When
no specific reasons were provided, we concluded that authors used
the SSQ as a standard measure of sickness symptoms in VR. Of the
remaining papers, 25 (8%) provided motion sickness (e.g., Chen et al.
[19]) and 9 papers (3%) discomfort (e.g., Lai et al. [61]) as rationale.
The remaining 17 papers (6%) provided different reasons, such as
to assess health status (5), visual fatigue (4), or physiological side
effects of participants (3) (e.g., Krekhov et al. [57]).

2.2.2  Visuo-vestibular Conflict. In 189 papers (61%) a visuo-vestibular
conflict was present — a conflict widely known as one major cause
of simulator sickness symptoms [62]. However, in 41 of 113 (34%)
papers that reported to measure simulator sickness no conflict was
present. Even in the 8 of 25 papers (32%) that reported to measure
motion sickness, no conflict was found. We made a similar observa-
tion for papers that reported cybersickness, where in 13 out of 43
papers (30%) no conflict was present.

2.2.3  Administration and Reported Values. Of the reviewed papers,
119/39% administered the SSQ before (pre-exposure) and after (post-
exposure) the experiment, while 190/61% employed it only post-
exposure. None of the papers employed the SSQ solely pre-exposure.
285 of the papers (92%) reported a SSQ total score. In the remaining
8% of the papers only sub scale values were reported. The mean
of the SSQ total score was 24.90. In 175 papers (57%) the SSQ was
employed as a post-exposure measure with a mean total score of
23.95. In 110 papers (36%) the SSQ was employed as pre- and post-
exposure measure with a mean total score of 25.85. Of all papers,
135 (44%) reported sub scale values. The mean post-exposure values
for the sub scales were: nausea (23.74), oculomotor (24.17), and
disorientation (28.8). The total post-exposure score of papers with
visuo-vestibular conflict was slightly higher (26.29) than for papers
where no conflict was present (22.08).

2.2.4  Gender, Device Type, and Additional Measures. Of all papers,
162 (52%) conducted a study with a HMD, followed by 73/24% that
reported a virtual environment as apparatus. We found 27 papers
(9%) that reported to have used a stereoscopic display (other than
HMD), 18 that used a driving simulator (6%), 13 studies in a CAVE
(4%), 9 that used a display screen (3%), and 7 that reported diverse
other device types (2%). The mean gender distribution of all papers
was 39% female and 61% male participants, with 4002 female, 6259
male, and 2 non-binary participants. We found only 13 papers (4%)
that applied an additional measure to assess digital eye strain and
none that assessed additional ergonomic symptoms — despite the
fact that some reported that participants experienced symptoms
from "wearing the device® [23].
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Figure 2: Reported rationale for employing SSQ.

3 SSQ AS A MEASURE OF GENERAL
DISCOMFORT

As our literature review has revealed, SSQ is not only widely used
in the field, and in inconsistent ways (post-exposure only vs. pre-
and post-exposure), but also typically as the only measure and in
many cases even under the (wrong) assumption of it as a general
measure of discomfort. In addition to problems related to the com-
mon practice of using the SSQ, the questionnaire itself has been
criticised for different other reasons in the past.

Correlated factor structure. The SSQ was derived from 1,119 mo-
tion sickness questionnaire samples [43] covering 16 of 28 symp-
toms measured in simulator studies with 10 different simulators
[46]. Its three-factor model was derived by a principal factor analy-
sis with varimax rotation. As factors were correlated, the authors
conducted a hierarchical factor analysis to extract a general fac-
tor that all items had nonzero loadings on, in addition to three
group factors. This resulted in the final factor structure of the SSQ,
which is comprised by a total score and the three sub scale factors
nausea, oculomotor, and disorientation. The factor structure of the
SSQ was revised several times, mostly with the aim to propose
uncorrelated, orthogonal factors. Bouchard et al. [12] proposed a
two-factor, orthogonal solution for SSQ symptoms, with one factor
being nausea symptoms and one oculomotor symptoms, following
the same method as Kennedy et al. (principal factor analysis with
varimax rotation) [46]. They were able to extract factors that had no
cross-loading items with loadings below 0.4. The authors attributed
the differences in factor structure to differences in sample, device,
and task. However, it cannot be ruled out that the French translation
of the SSQ that was used had an effect, too. Balk et al. found fairly
similar symptom loadings as the SSQ with a data set of nine driving
simulator studies [4]. However, five symptoms (burping, fatigue,
headache, blurred vision, and fullness of head) were not attributed
to any factor and they did not have items with cross-loadings. Based
on their results, the authors suggested to revise the factor structure
and reevaluate the factor weights of the SSQ when using it as a
diagnostic tool.

Limited suitability as a measure of symptoms in VR.. Sevinc and
Ilker investigated psychometric qualities (e.g., construct validity,
test-retest reliability) of two modified SSQ versions (the Virtual
Reality Sickness Questionnaire (VRSQ) [49] and the Cybersickness
Questionnaire (CSQ) [89]), in comparison to the SSQ to test their
quality as cybersickness measures [85]. Based on their data, they
found construct validity for both VRSQ and CSQ, but not for the
SSQ. Although they addressed fewer symptoms than SSQ, CSQ and

VRSQ were more sensitive in detecting differences in different VR
applications. Finally, Bruck and Watters derived a four-factor model
(cybersickness, vision, arousal, and fatigue) for cybersickness based
on 28 SSQ samples [13]. However, similar to SSQ, their analysis
produced correlated factors. In addition, they applied principal
component analysis, which in contrast to factor analysis does not
detect latent variables, but finds an optimal linear combination of
components [41].

Sample does not provide generalizability. The questionnaire was
developed for an expert user group (pilots) using a specific training
system. Today’s VR HMDs are everyday devices, i.e., users use de-
vices self-motivated and not as a prerequisite for their professional
carrier. To investigate symptoms in this specific population, we con-
ducted an online study that enabled us to have access to frequent
VR HMD users. Furthermore, the SSQ was derived by 1,119 samples
of male pilots. Additionally, it was reported that women are more
susceptible to motion sickness [26] and report higher values of
related symptoms [2, 7, 27]. This means that the SSQ, especially the
sub scale multipliers, are strongly biased towards mens’ perception
of symptoms, which might be significantly different for women. To
address these limitations in our analysis of general discomfort in
VR HMDs, we analyse a sex-balanced sample and evaluate possible
differences between men and women.

Limited scope of use. The SSQ was developed as a measure of
simulator sickness and therefore does not allow to assess other
symptoms that are of equal, if not even higher importance in the
context of VR HMDs, specifically digital eye strain and ergonomic
symptoms. Szpak et al. stressed visual fatigue and cognitive fa-
tigue as additional influence factors that are not considered suffi-
ciently by the SSQ [91]. Similarly, Ames et al. criticised that the
SSQ does not cover the range of ocular symptoms that can occur
in VR HMDs appropriately and designed the Virtual Reality Symp-
tom Questionnaire to stress the importance of ocular symptoms
[3]. Ocular symptoms that arise from prolonged viewing of digi-
tal devices are summarized by the term Digital Eye Strain, which
refers to vision and eye problems that are reported by users after
experiencing prolonged screen time [81, 86]. Symptoms include
general discomfort, headache, fatigue, but also address specific
properties of the eyes, such as tearing or burning eyes [24, 40, 86].
Numerous causes were reported, such as ocular anomalies [81],
reduced blink rate [9], close viewing distances [37], or interface
properties [82]. In addition to problems caused by digital screens in
general, HMDs pose specific challenges to the eyes [36], for instance
by a particularly short screen-eye distance, and most importantly
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Table 1: The symptoms of simulator sickness and digital eye strain included in our online study.

Simulator Sickness Symptoms

Digital Eye Strain Symptoms

General discomfort, Fatigue, Headache, Eyestrain,
Difficulty focusing, Increased salivation, Sweating,
Nausea, Difficulty concentrating, Fullness of head,
Blurred vision, Dizzyness with open eyes, Dizzyness

Burning eyes, Double vision, Dry eyes, Excessive blinking, Eye ache,
Eye redness, Feeling of a foreign body, Feeling that sight is worsening,
Heavy eyelids, Increased sensitivity to light, Irritated eyes, Neck pain,
Seeing colored halos around objects, Sensation of hot eyes,

with closed eyes, Vertigo, Stomach awareness, Burping Shoulder Pain, Soreness of eyes, Tearing eyes, Watering of eyes

the vergence-accommodation conflict [78], which is a well-known
source of digital eye strain in HMDs [50, 87]. While the simulator
sickness questionnaire contains an oculomotor sub scale with 7
symptoms, literature on DES indicates that a more differentiated
look at the importance of eye strain for discomfort in VR HMDs
is needed. HMDs are wearable devices that are attached to the
body but only few studies investigated symptoms caused by the er-
gonomic factors of HMDs. Motti and Kelly identified several factors
that are important to users when buying a headset [28]. Among the
top ten factors are weight, size, and comfort of the headset. Users
adopt for the weight of devices by buying head pads that mean to
reduce pressure on the head and cheeks, and to redistribute the
weight on the head. Not surprisingly, in 2007 Knight and Baber
found that wearing a HMD causes users to significantly change
their neck posture, which may add increased levels of stress to the
musculoskeletal system [53]. These types of ergonomic symptoms
have gained significance with VR HMDs entering users’ homes. As
they have only become important with the wearable form factor
of simulator technology, it is comprehensible that they were not
included in the SSQ.

4 EVALUATION OF ERG, DES, AND SSQ AS
MEASURES OF DISCOMFORT IN VR HMDS

The widespread and often unquestioned use of SSQ as a general
discomfort measure in VR HMDs — as shown by our survey and
discussed in specific previous works — motivated us to study the
prevalence and importance of additional symptom categories in
more detail. We chose ERG and DES given that they are important
and frequently occurring symptoms in closely related fields of
research — when studying comfort of wearable devices [52] and
with users who are exposed to prolonged screen time [9, 24]. To
be able to compare the prevalence and severity of ERG, DES, and
simulator sickness, we designed a between-subject online user study
that we detail in the following.

4.1 Method

4.1.1 Selection of Symptoms. To assess simulator sickness we used
the 16 items of the original SSQ (Table 1 left). The items for digital
eye strain are based on Hirzle et al’s review on digital eye strain in
gaze-based interactive systems [35]. We finally added nine items
that were additionally reported in the medical domain (Blehm et
al’s overview of symptoms [9] and the Computer Vision Syndrome-
Questionnaire [24]), resulting in 18 different symptoms (Table 1
right).

To assess ergonomic symptoms, we used the six comfort rating
scales proposed by Knight and Baber (see Table 2) [52, 54]. Six
statements covering the attachment of the device were added in-
spired by Cancela et al’s wearability assessment of a system for
Parkinson’s disease patients [15]. Further, Borg scales [11] have a
long history of being employed to evaluate exertion and perceived
pain of wearable devices [15, 55], including HMDs [51]. The Borg
CR10 (category-ratio) scale can be used together with a body map
on which participants indicate the level of pain or discomfort they
are currently experiencing on different regions of their body. We
therefore employed a scale based on a Borg CR10 scale to localise
pain and discomfort in different regions of the head, face, and neck
caused by the attachment of the headset (see Figure 4 for face map
based on surface anatomy of the face and neck that was used in the
study).

4.1.2  Definition of Rating Scale. To ensure comparability of the
three symptom categories, we aimed for uniform rating scales.
This confronted us with the challenge of integrating more than
four types of scales (SSQ scale [46], several scales for DES [24, 40,
86], CRS [54], and Borg CR10 scale [11]) that varied in length and
sensitivity. In general, the number of response categories is closely
coupled to the clarity of the constructs’ mental representation that
participants should rate. The number of categories to evaluate
simulator sickness and digital eye strain ranges from four (SSQ [46])
to 100 (visual analog scale [86]) or even “an extremely strong pain
that a person has ever experienced” (Borg CR10 [11]). Following
Krosnick and Presser’s argumentation we chose a 7-point scale, as
this provides enough clarity for each individual category, while
keeping a suitable differentiation of the single points on the scale
[58]. This conclusion is supported by Menold and Bogner, who
recommended to use rating scales of 5- or 7-points [75]. Symptom
severity is typically measured with unipolar rating scales [3, 11, 46].
As the opposite of experiencing a symptom is not conceivable (but
would rather refer to not experiencing the symptom) a bipolar
rating scale is not suitable. While the number of categories of the
scales we build upon varies between 4 and 100, they are all unipolar
scales (e.g., [40, 86, 95]). Furthermore, verbally labelling categories
increases test-retest reliability [75]. Typically, symptom severity
or pain scales are labelled from "none” to "severe®, but differ in
labelling the single categories in between [3, 24, 45]. Other labels
are "no discomfort“/”very bad discomfort“ [40] or "nothing®/"very
much® [95]. We chose to stay consistent with typical symptom
severity scales but decided to verbalize all seven categories, as
this was found to facilitate participants’ mental representation
of the measured construct. The scale we used was labelled as: 70
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Table 2: The ergonomic symptoms included in our online study - based on Knight and Baber’s CRS [54].

Ergonomic Symptoms

Emotion I was worried about how I look when I wear this device. I felt tense or on edge because I was wearing the device.
Attachment I could feel the device on my body. I could feel the device moving.

Harm The device was causing me some harm. The device was painful to wear.

Perceived Change Wearing the device made me feel physically different. I felt strange wearing the device. I felt bulky wearing the device.
Movement The device affected the way I move. The device inhibited or restricted my movement.

Anxiety I did not feel safe wearing the device.

I was not able to move as usual. I felt the device was too heavy. The attachment of the device was too tight.
Additional Statements The attachment of the device was too loose. I felt that I did not have the device properly attached.
The device generated additional heat leading to excess sweating.

(nothing at all), "1 (very slight), ”2 (slight), ”3 (moderate), 4
(moderately severe)®, ”5 (severe), and "6 (very severe)®. Inspired by
the Borg CR10 scale and to increase comprehensibility, we added a
description to the two poles. The maximal pain or discomfort that
we expect to occur is a pain that makes participants stop or abort
the experience. Consequently, the maximum was labelled “very
severe (I don’t want to use the device under these conditions)“. We
deliberately chose not to label it as "I want to abort or stop using the
experience®, as the questionnaire is employed after the experience.
The minimum was labelled as "nothing at all (I don’t experience
this [symptom] at all®.

4.2 Study Design and Procedure

The study was conducted as a between-subject design with the
factor administration practice. That is, one group answered the
survey post-exposure only (G1), and one group answered it before
and after the exposure (G2). Participants were asked to fill out
the post-exposure survey after the next time they would use their
headset for more than 30 consecutive minutes. Given that we aimed
for participants reflecting on their natural behaviour, we did not
make restrictions about the application or VR experience they used.
Using the same experience for all participants would have prevented
us from achieving that goal and would likely have limited ecological
validity of our experiment due to distorted occurrence of symptoms
compared to natural usage. In addition and similar to Law et al. [63],
we were interested in the factor structure of the symptom categories
independently of the application. Participants of G2 had to fill
out a pre-exposure questionnaire in addition to the post-exposure
questionnaire. The pre-exposure questionnaire consisted of the two
symptom categories simulator sickness and digital eye strain. The
procedure was the same as for the post-exposure questionnaire
described in the following:

After providing informed consent, participants were introduced
to the rating scales and the three categories of symptoms. The or-
der of the categories as well as the items were randomized within
each participant. After answering the items of all three categories,
participants were asked to rate the relative relevance that each cate-
gory had to them with regard to discomfort in VR HMDs. To define
this, we created all possible pairs (n = 3) and asked participants
to choose the most relevant symptoms group to discomfort. This
procedure was inspired by Hart and Staveland’s method to define
participants’ subjective perception of workload [32]. Lastly, partici-
pants were asked to describe their recent VR experience, their usage

behavior, and whether they had any visual impairments or vision
problems. Participants of G1 took on average 12 minutes to com-
plete the post-exposure questionnaire and received a compensation
of £1.5 (£7.5 per hour). Participants of G2 took on average 4 minutes
for the pre-exposure and 14 for the post-exposure questionnaire.
They received a total compensation of £2.13 (£7.1 per hour). All
questionnaires are available as supplementary material.

4.3 Participants

Participants were recruited via Prolific*. During registration, par-
ticipants were asked about how frequently, for how long, and since
when they used their VR headset. They were also asked about their
usual experience with discomfort and whether they considered
themselves susceptible to discomfort in VR. The following addi-
tional personal data was provided by the survey platform: age, sex,
country of birth, country of current residence, employment status,
first language, nationality, and student status. Only participants
who agreed to receive an invitation to the second (G1) or second
and third (G2) part of the study, were sent one. The registration
phase took approx. two minutes (G1= 2.05, G2= 2.19). A total of 642
(G1=226, G2=333) participants were recruited and 559 completed
all parts of the study. Of these 207 (G1=44, G2=163) were excluded
due to several reasons described below. The final set of participants
(352) consisted of 49% female and 51% male participants, with 182
for G1 (47% female, 53% male) and 170 for G2 (51% female, 49% male).
The mean age of participants in G1 was 29 (SD = 8, range : 18 — 50)
and 30 in G2 (SD = 9, range : 18 — 54).

4.3.1 Data Quality and Exclusion of Participants. Although it was
observed that data quality in online studies is comparably reliable to
conventional methods [14], it is important to apply a sensible inspec-
tion of the quality of the obtained data. Therefore, four reliability
measures were defined to be able to exclude low-quality responses
quickly. First, a number of attention checks were integrated into
the pre- and post-exposure questionnaires (2 for pre-exposure, 3 for
post-exposure), which were consistent with the survey platform’s
guidelines on fair attention checks®. Participants that missed one or
more attention checks were excluded from analysis (G1=10, G2=42),
but also received compensation. Secondly, three symptoms (blurred
vision, eye strain, and difficulty focusing) were included twice (once

4https://prolific.co/ accessed: September 10th, 2020
Shttps://researcher-help.prolific.co/hc/en-gb/articles/360009223553-Using-attention-
checks-as-a-measure-of-data-quality, accessed September 10th, 2020
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in the simulator sickness section and once in the DES section) in
the questionnaire to evaluate internal consistency of the answers.
Responses were excluded that differed by two or more points of
measurement in these symptoms (G1=5, G2=15). Thirdly, responses
were excluded when participants indicated that they had used their
headset for less than 30 minutes, or they claimed that they had used
it for more than 30 minutes, but it was clear that they did not, given
the time between registration and at which the questionnaires were
completed (G1=29, G2=67). Finally, participants of G2 that com-
pleted the pre- and post-exposure questionnaire in the wrong order
were excluded (39).

4.4 Results
4.4.1 Integrating SSQ, DES, and ERG Into One Factor Model.

Quality and reliability assessment. We first conducted a confirma-
tory factor analysis (CFA) to compare the simulator sickness data
of the post-exposure survey of both groups with the SSQ 3-factor
model, in order to obtain a first estimate of the quality and reliability
of our data. The symptoms were specified to load on their desig-
nated factor as described by Kennedy et al. [46] and the factor load-
ing of the first indicator was fixed to one. As our data were ordinal
and the criterion of multivariate normality was not met (Mardia test
[72]: Skewness = 4407.5, p < .01, Kurtosis = 57.7, p < .01), we used
diagonally weighted least squares as estimation method [64, 76].
Results of the CFA suggest that the model is a good fit for the data
(Xf96,N:352) = 172.66,p < .001 criteria p > .05 [39], CFI = .994
criteria > .95 [16], TLI = .993 criteria > .95 [39], RMSEA = .048
criteria < .05 [70], p-RMSEA = .616). The only criteria that indi-
cated a rejection of the model was the y? measure, which does
assume multivariate normality that was not given in our case and is
therefore plausible to result in an erroneous rejection of the model
[74]. As an additional validity measure we employed a hierarchical
factor analysis that allows to more deeply investigate the loadings
of single items to respective general and group factors (similar to
procedure in SSQ). The resulting structure showed great similarity
to the original factor model of the SSQ, the details of which are
available as supplementary material. In conclusion the results sug-
gest that the overall structure of our simulator sickness data meets
the proposed factor model of the SSQ.

Exploratory factor analysis of all three symptom categories. We
conducted an exploratory factor analysis (EFA), following the guide-
lines summarized by Samuels [83], to build a factor model of general
discomfort including the three categories simulator sickness, digi-
tal eye strain, and ergonomics. The analysis was conducted based
on polychoric correlation matrices that were shown to provide
more accurate reproductions of the measurement model for ordinal
data than Pearson correlations [38]. Barlett’s test that indicates
whether correlations among the variables are present was signifi-
cant ()(?2016’]\[:352) = 25604.46, p < .001) [5]. First, we conducted
an EFA with principal axis factoring (PA) and varimax rotation to
generate orthogonal factors. However, the average within factor
correlation of the result (0.49) was only marginally higher than the
average between factor correlation (0.42), which was not consid-
ered a satisfactory solution. Therefore, we repeated the analysis
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with oblimin rotation. The following steps were repeated and the
analysis rerun until the solution stabilised.

First, parallel analysis was conducted to define the number of
factors that should be extracted — 10 in our case. Therefore, we ran
an EFA with PA, oblimin rotation, and 10 factors. Second, items
with communality (h2) smaller than 0.3 were removed to ensure
that all items shared some common variance with other items. The
communality of an item is a measure of the proportional variance
in that item that is explained by the extracted factors (in contrast
to uniqueness (u2)). Then, items that had no factor loading > 0.3
were removed, followed by items that had cross-loadings with a
maximal factor loading < 0.4.

A stable solution was yielded after 19 repetitions during which
24 items were removed (including duplicate items), resulting in a
final set of 39 items. During analysis, factors were removed that
had less than three items with loading > 0.4, except one factor that
continuously had only two items (SS7, ERG117) with high factor
loadings (> 0.7), which we kept for the final solution. As final result
of the EFA we obtained 6 factors that are comprised by the items
presented in Table 3. The results for each iteration and the details
of the statistical validation tests that are reported in the following
are available as supplementary material.

A solution is considered valid when there are higher average cor-
relations between the items of the extracted factors (within factor
correlation) than the average correlations between the factors (be-
tween factor correlation). To calculate the within and between factor
correlation, we ran a principal component analysis (PCA) with one
component for each of the factors, i.e., input for the PCA were the
items that loaded on the respective factor. The within factor corre-
lations were calculated for each factor using Pearson correlations.
To calculate the between factor correlations the regression scores
of the PCA were extracted for each factor. Based on these, a corre-
lation matrix indicating the relation between factors was extracted.
The average within factor correlation was with 0.53 higher than
the between factor correlation of 0.4, which indicates an acceptable
solution. The extracted communalities were all > 0.3 with 34 > 0.5
and the Kaiser-Meyer-Olkin Measure of Sampling Adequacy (MSA)
was very good with Overall MSA = 0.87 (criteria >0.7 for good fit
[17]). As a double-check, we ran a Cronbach’s alpha reliability anal-
ysis on each factor, which also resulted in satisfactory values, as a
value of > 0.7 is considered reliable for internal consistency (af; =
0.93,ar; = 0.9, ap; = 0.86, a4 = 0.83, aps = 0.83, a7 = 0.77) [77].
The six factors explained 61% of the variance in the data, which
is also acceptable. In addition, a CFA confirmed that the model
fitted the data well ()(2(764, N =352) = 1473.722,p < .001,CFI =
.990, TLI = .990, RMSEA = .051, p-RMSEA = .269).

4.4.2 Comparison of Symptoms of Simulator Sickness, DES, and
ERG. The six factors that were extracted in the previous step were
applied to the post-exposure values of both groups and the pre-
exposure values of G2 (see Figure 3, left for mean values and right
for distribution of scores). Tests of normality (Shapiro-Wilk test
and Komogorov-Smirnov test) were applied to all variables before
analysing within- or between-group differences. More detailed in-
formation on test results are provided as supplementary material.
As all factors were assessed with the same scale, a comparison indi-
cating symptom severity in each factor was made with Wilcoxon
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Table 3: The final factor structure of EFA with 39 respective items loading on 6 factors. For each factor the explained propor-
tional amount of variance is listed. The items and factors are assigned with one of three codes that defines which symptom
category they belong to. SS: simulator sickness symptoms, DES: digital eye strain symptoms, ERG: ergonomic symptoms.

Item Factor F1 F2 F3 F4 F5 F6 h2 u2 com
Irritation of eyes Digital Eye Strain 0.87 -0.02 0.01 -0.01 0.02 -0.04 0.74 0.26 1.0
Soreness of eyes Digital Eye Strain 0.85 -0.05 -0.01 0.03 001 006 072 028 1.0
Eye strain Digital Eye Strain 0.78 0.04 -0.07 0.10 -0.05 0.10 0.69 0.31 1.1
Sensation of hot eyes Digital Eye Strain 0.78 0.00 0.05 -0.09 0.16 000 0.68 032 1.1
Dry eyes Digital Eye Strain 0.75 -0.06 -0.01 0.13 -0.05 -0.02 0.58 0.42 1.1
Burning eyes Digital Eye Strain 0.74 020 -0.01 0.02 -0.09 0.09 0.73 027 1.2
Eye ache Digital Eye Strain 0.74 0.05 0.08 -0.09 0.12 -0.03 0.65 0.35 1.1
Eye redness Digital Eye Strain 0.72 0.15 006 002 -0.12 0.07 0.9 031 1.2
Tearing eyes Digital Eye Strain 0.67 0.07 0.04 0.06 -0.12 0.06 0.55 045 1.1
Discomfort on eyes Digital Eye Strain 062 -01 0.11 009 016 -0.14 052 048 14
Blurred vision Digital Eye Strain 043 030 008 007 004 004 056 044 2.0
Stomach awareness Simulator Sickness -0.16 0.69 0.05 005 0.09 013 051 049 1.2
Nausea Simulator Sickness -0.04 0.68 -0.03 0.05 016 0.09 057 043 1.2
Dizzyness (open eyes) Simulator Sickness 0.16 0.66 0.01 008 004 -002 0.65 035 1.2
Vertigo Simulator Sickness 0.16 0.61 005 -0.01 0.08 0.04 0.58 042 1.2
Dizzyness (closed eyes) Simulator Sickness 0.26 0.54 0.06 0.03 0.10 -0.01 062 038 1.6
Difficulty concentrating Simulator Sickness 0.25 0.52 0.08 006 011 -0.13 0.61 039 1.8
Burping Simulator Sickness 0.16 0.49 0.18 024 -033 0.14 0.65 035 3.1
Fullness of head Simulator Sickness 0.20 044 010 0.04 0.11 -0.04 046 054 1.7
Difficulty focusing Simulator Sickness 029 043 005 014 009 -0.11 057 043 24
General discomfort Simulator Sickness 0.29 032 0.05 0.10 0.23 -0.05 051 049 3.1
Discomfort on shoulders Neck/Shoulder Pain 0.03 -0.06 093 -0.05 -0.02 -0.01 0.80 0.20 1.0
Shoulder pain Neck/Shoulder Pain 0.03 -0.01 0.88 000 -005 005 079 021 1.0
Discomfort on neck Neck/Shoulder Pain -0.03 -0.07 0.82 0.12 003 -0.01 070 030 1.1
Neck pain Neck/Shoulder Pain -0.05 0.14 0.78 0.00 0.08 0.01 0.72 0.28 1.1
Device not properly attached Erg. (Attachment) 0.03 -0.02 0.02 0.75 002 001 061 039 1.0
Attachment too loose Erg. (Attachment) -0.09 0.10 -0.01 0.74 -0.03 0.04 054 0.46 1.1
Device painful to wear Erg. (Attachment) 0.00 -0.06 0.19 0.64 0.16 -0.03 0.61 039 1.3
Could feel device moving Erg. (Attachment) 0.01 0.10 -0.07 0.62 004 006 046 054 1.1
Device too heavy Erg. (Attachment) 0.11 -0.14 0.04 0.58 0.22 0.04 0.55 045 1.5
Device causing some harm Erg. (Attachment) 0.04 025 0.15 0.52 -0.04 -0.03 054 046 1.7
Attachment too tight Erg. (Attachment) 0.26 0.04 0.00 0.41 0.04 0.05 039 061 1.8
Not able to move as usual Erg. (Perceived Change) 0.02 0.06 0.03 0.04 0.74 -0.01 0.63 037 1.0
Device affected movement Erg. (Perceived Change) 0.04 0.06 -0.01 0.07 0.72 0.10 066 034 1.1
Device restricted movement  Erg. (Perceived Change) 0.01 0.14 0.08 0.08 0.68 0.10 0.68 0.32 1.2
Feeling of device on body Erg. (Perceived Change) -0.06 0.04 -0.01 0.18 0.46 0.09 033 067 1.5
Feeling physically different Erg. (Perceived Change) 0.14 0.21  0.07 0.09 041 -0.02 043 057 2.0
Device generated heat Erg. (Sweating) 0.13 -0.14 -0.05 0.14 0.12 0.79 074 026 1.2
Sweating Erg. (Sweating) -0.05 0.14 0.13 -0.12 -0.01 0.77 0.63 0.37 1.2
Sums of Squares 832 482 36 373 292 1.5

% of variance explained 20 12 9 9 7 4

Signed Rank tests with Bonferroni correction. Tests were signif-
icant between all factors, except between F2/F3, F2/F4. and F3/4.
Mean values of F5 (Perceived Change) (M = 1.76,SD = 1.07) and
F6 (Sweating) (M = 1.51,SD = 1.39) were highest, followed by
F1 (DES) (M = 1.17,SD = 0.99). Factors F2 (Simulator Sickness)
(M =0.88,SD = 0.82), F3 (Neck/Shoulder Pain) (M = 0.88,SD = 1),
and F4 (Attachment) (M = 0.92, SD = 0.85) resulted in almost equal
mean values. For factors F1, F5, and F6, approx. 30% of participants

had at least moderate discomfort values, while this percentage was
at 15% for factors F2, F3, and F4. The two symptoms that occurred
least often, were salivation increasing with 78% not experiencing it
at all and burping with 72% of participants not experiencing it. The
symptom with the highest single symptom score was eye strain with
50% of participants having stated that it occurred at least slightly
(15% moderately, 9% moderately severe or higher). This was fol-
lowed by three statements for which at least 30% of the participants
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Figure 3: Left: mean factor scores, averaged over all participants.

over all symptoms that contribute to its respective factor.

rated them as at least moderate. These are ”I could feel the device
on my body“ (34%), “the device was causing me some harm” (30%),
and “the attachment of the device was too loose® (30%). Of the 9
symptoms that were rated on the adapted Borg CR10 scale, measur-
ing perceived discomfort on different parts of the face, head, and
neck, the highest rated symptoms were eyes and temples (for both
28% of participants rated them as moderate at least) (see Figure 4
for mean values).

4.4.3 Influences of Sex, Frequency of Usage, and Motion Conflict
on Symptom Factors. Literature suggests influences of sex [26],
frequency of usage [34], and visuo-vestibular conflict [45, 62] on
simulator sickness. To reveal possible similar effects on our factor
values, we conducted an univariate analysis of variances (ANOVA)
on each factor (6 dependent variables F1-F6) with four between-
subject variables group (G1/G2), sex (female/male), frequency of
usage (0: less than once a week, 1: once a week, 2: once/twice a week,
3: daily, 4: several times a day), and visuo-vestibular conflict (yes/no).
Although significance tests for normality were negative, Q-Q-plots
and boxplots of the dependent variables indicated that data does not
largely differ from normality (plots are provided as supplementary
material). In addition, it was shown that ANOVA analysis is robust
for non-parametric data of our sample size [8], which is why we
considered it valid to proceed with the analysis. Homogenity of
variances was given (tested with Levene’s tes, p > .05). We found a
significant effect of group on F2 (F(1) = 4.92,p < .05), F4 (F(1) =
15.66,p < .01), and F5 (F(1) = 8.62,p < .01) with G1 having
slightly higher scores than G2 (M(F251) = 0.95, M(F25;) = 0.82,
M(F4g;) = 1.13, M(F4gp) = 0.71, M(F4g;) = 1.89, M(F4g) =
1.62). Furthermore, we found a significant effect of sex on F2 (F(1) =
7.33,p < .01, univariate test: F(1) = 8.38,p < .01), i.e., on average
women reported higher simulator sickness values (M = 1.03,SD =
0.89) than men (M = 0.74, SD = 0.72). We also found a significant
effect of frequency on F5(F(4) = 2.42,p < .05, univariate test:
F(4) = 2.74,p < .05). Pairwise comparisons showed (p < .05) a
significant difference between users that used their headset several
times a day (M = 1.36,SD = 0.94) and users that used their headset
less than once a week (M = 2.08,SD = 1.18). We did not find a
significant effect for visuo-vestibular conflict, indicating that the
type of experience did not have an influence on the symptoms
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Right: distribution of factor scores for each factor, averaged

results. However, we observed a trend for F2 (F(1) = 3.67, p = .056),
indicating that values were higher (M = 0.96,SD = 0.90) when a
conflict was present than when not (M = 0.77,SD = 0.69).

4.4.4 Administration Practice. As in the previous section, an effect
of group was found on three factors (F2, F4, and F5), we calculated
SSQ scores to reveal potential differences in administration prac-
tice of the questionnaire and to be able to compare our results to
previous work on SSQ data. To calculate SSQ scores, we applied the
following scale transformation: 0->1, 1->1, 2->1, 3->2, 4->2, 5->3,
6->3. First, potential differences between post-exposure SSQ scores
(nausea, oculomotor, disorientaiton, and total score) between both
groups were tested. A Mann-Whitney-U test did not reveal any sig-
nificant differences between G1 group and G2 for none of the scores
(Un = 14805, Up = 14114, Up = 13641, Urg = 14049, p > .05). Sec-
ond, there were no statistically significant differences between pre-
and post-exposure values of G2 (tested with Wilcoxon matched-
pair signed rank test Wy = 4261, Wp = 4851, Wp = 4020, Wrs =
5813, p > .05).

4.4.5 Descriptive Results. The average usage time was 53 minutes
(SD = 34,range : 30 — 300). This matched the usual usage time
that participants indicated: most of them usually used their headset
for 30-60 minutes (G1: 50%, G2: 49%), followed by 1-2 hours (G1:
29%, G2: 30%), less than 30 minutes (G1: 12%, G2: 14%), 2-3 hours
(G1: 7%, G2: 4&), and more than 3 hours (G1/G2: 2%). Most of the
participants had actively been using their headset for 1-6 months
(G1: 29%, G2: 19%) or 6-12 months (G1: 29%, G2: 32%), followed for
1-2 years (G1: 22%, G2: 30%), more than 2 years (G1/G2: 16%), and
only 3% (G1) and 2% (G2) had only used it for 1 month or less. The
majority of participants usually used their headset for once (G1:
19%, G2: 23%) or twice a week (G1 38%:, G2: 39%). Some used it for
once (G1: 18%, G2: 14%) or several times a day (G1: 14%, G2: 8%).
11% (G1) and 16% (G2) of participants used it less often than once
a week. 40% (G1) and 25% (G2) played a video, 86% (G1) 85% (G2)
played a game, 15% (G1) and 9% (G2) engaged in a social and 9%
(G1/G2) in a creative experience and 14% (G1) and 9% (G2) browsed
to a store or web page. 60% of G1 and 59% of G2 engaged in an
experience where virtual motion was present. 42% of G1 and 45% of
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Participants’ Ratings of Symptom Categories
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Figure 4: Left: Participants’ perceived relevance of three symptom categories ergonomics (ERG), digital eye strain (DES), and
simulator sickness (SimS) to general discomfort in VR HMDs. Right: Discomfort that participants perceived on different re-

gions of their head.

G2 reported to have a vision problem and 40% of G1, 42% G2 used
prescription glasses or contact lenses on a regular basis.

28 participants (8%) reported to use comfort features, such as
additional cushions, counter weights, or face padding to increase
comfort while wearing the headset. During registration, partici-
pants were asked to rate their experience with and susceptibility to
discomfort. 117 participants (33%) reported to usually experience at
least moderate discomfort when using their HMD (G1: 69/38%, G2:
48/28%). This number was slightly higher when rating their sus-
ceptibility, where 133 participants (38%) indicated that they would
consider themselves at least moderately susceptible to experiencing
discomfort in VR HMDs (G1: 67/37%, G2: 66/39%). After the expo-
sure participants were asked to rate how relevant they considered
each category of symptoms with regards to general discomfort by
directly comparing each two of the categories, i.e., in total they
rated three comparisons. In the comparisons of DES with simulator
sickness and ERG with simulator sickness symptoms, in both cases
simulator sickness was named by fewer participants (see Figure 4
left). In the comparison of DES and ERG, both were rated as roughly
equally important.

5 DISCUSSION
5.1 On the Factor Model

In contrast to previous works that aimed to revise the factor struc-
ture of SSQ [4, 12], we aimed for building a more comprehensive
model of discomfort, addressing DES and ERG in addition to simu-
lator sickness. We identified several discrepancies when comparing
our model with previous works: The symptom headache that was
included in other factor structures [46, 49, 89] was removed during
our refinement process. In contrast, sweating was kept although
removed for revised factor structure versions of the SSQ [85]. In-
terestingly, the symptom general discomfort was attributed to the
simulator sickness factor (F2). This may suggest that simulator
sickness includes symptoms that address a more general feeling of
discomfort in contrast to very specific symptoms, such as sweating
or tearing eyes, which contribute to the other two symptom cate-
gories. Similar to Ames et al. [3] and in contrast to other previous
works [86], double vision was not a relevant indicator of ocular

symptoms and was removed from the factor model. This is particu-
larly surprising, as the majority of participants did not use a HMD
with adjustable inter pupillary distance. One reason might be that
users were used to wearing and engaging with the device, as they
used it very frequently and might not notice specific symptoms
after long usage times. Our single factors match in large parts with
previous work on simulator sickness and digital eye strain [46, 86].
However, we are the first to propose an orthogonal factor struc-
ture of discomfort in VR HMDs that includes three categories of
symptoms, demonstrating their specific relations to each other.

5.2 On the Comparison of Symptoms of SSQ,
DES, and ERG

The extracted factor model of discomfort in VR HMDs is split into
six factors, four of which refer to ergonomic symptoms, explaining
29% of the variance in the data, followed by one DES factor account-
ing for 20%, as well as a simulator sickness factor explaining 12%.
As important ergonomic factors, we identified shoulder and neck
pain (F3), symptoms that relate to the attachment of the device
(F4), symptoms that relate to perceived change (F5), and sweating
(F6). Taken together, these results not only suggest that discomfort
in VR HMDs is comprised by (at least) three main components
(ERG, DES, and simulator sickness) but also that, among these three
simulator sickness — although widely measured — seems to be the
least important.

The distribution of scores in Figure 3 on the respective factors
shows that about one third of the participants experienced at least
moderate symptoms for F1-F4, and moderately severe to very se-
vere values for F5 and F6. The symptom category with the highest
severity scores was ERG, particularly F5 (perceived change) and
F6 (sweating). Symptoms of F5 refer to the perceived change when
wearing the device, including statements like “the device inhib-
ited or restricted my movements® or "I was not able to move as
usual® F6 consists of only two statements that cover sweating. In
conclusion, the most often occurring symptoms are that partici-
pants feel different when using the device and start sweating when
using it. The last one is possibly linked to the VR experience a
person engages with. However, we found high sweat values across
all participants that engaged in a variety of different applications,
which speaks for wearing the device making people sweating. The
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symptom category with the second highest prevalence was digital
eye strain (F1), with the highest single symptom score of eye strain.
Lastly, the category with lowest prevalence was simulator sickness
(F2), with highest single item values of general discomfort. The
two rarest symptoms “increased salivation® and “burping” were
reported by less than 22% of the participants. Yet, burping was still
included in the factor model. The distribution of factor scores and
the values of each category are in agreement with participants’
rating of perceived relevance of symptoms to general discomfort.
When comparing DES symptoms with ERG symptoms, participants’
ratings are almost balanced. However, when comparing both with
symptoms of simulator sickness, participants rate simulator sick-
ness symptoms as less relevant in both cases (Figure 4 left). This is a
strong indicator that if researchers are aiming to employ some form
of measure for general discomfort, using the SSQ is not enough and
does not include other partially more relevant symptoms. One sug-
gestion can be to either clarify what type of discomfort is expected
and select the corresponding questionnaire, or employ all three
factors (ERG, DES, and simulator sickness) to get a more holistic
understanding of potential occurrences of discomfort.

5.3 On the Severity of Symptoms

We found a mean total SSQ score of 25 in the reviewed papers
(range : 0 — 235.62). These findings are in agreement with Stanney
et al., who report a mean total score of 29 in eight VE studies [88].
However, mean total SSQ scores of our user study were almost twice
as high with an average post-exposure score of 53. In contrast to
Stanney et al., who argue that experienced users of flight simulators
experience less severe symptoms, our results indicate the contrary,
as we had a sample of participants that frequently used their headset
[88]. Additionally, we found that users who used their headset
several times a day had lower simulator sickness values than users
that used their headset more rarely, which supports the hypothesis
of an habituation effect.

Peculiarly, the pre-exposure value of our user study was at 50.
These findings indicate that our sample had already high symp-
toms before starting the experiment. This might be explained by
conducting a user survey with an online study portal, where users
presumably spend a long time in front of screens per day and there-
fore might have increased symptoms due to prolonged screen time.
However, we did not measure screen time and can therefore only hy-
pothesise about this cause. In addition, participants were frequent
VR users who may experience symptoms, but less severe than they
could be measured with a 7-point scale. We rather presume that
the VR exposure of 30 minutes was too short to induce a significant
change in symptoms that could be assessed with the rating scales,
when starting with already high symptoms. Another explanation
for the high pre-exposure values might be that we measured symp-
toms on a 7-point scale, in contrast to SSQ that has a 4-point scale.
To analyse SSQ values, we transformed data to the SSQ scale. It was
shown that 7-point scales provide a clearer understanding of the
measured construct for participants than shorter scales [58]. Given
that we provided more categories on a fine-grained scale, partici-
pants possibly reported higher values than they would have with a
4-point scale. Therefore, the data-transformation might have caused
higher values than when measured directly with a 4-point scale.
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This might also serve as explanation for the high pre-exposure
values. Lastly, Kennedy et al. classified symptoms that occur in
simulator studies of > 15 as a concern [44]. Although Stanney et al.
argued that cybersickness results in other symptom distributions
and higher values than simulator sickness [88], it can be questioned
if a questionnaire that indicates a problem at 15 on a scale from
0 — 235.62 is fine-grained enough to measure small differences in
symptomatology. In summary, these findings indicate that a 7-point
scale allows for assessing more detailed differences in single scale
categories than using a 4-point scale (SSQ). However, although
we used a more specific scale than SSQ, both the original and the
extended scales are still too insensitive to measure fine differences
in perceived symptoms.

5.4 On the Administration Practice of
Discomfort Scales

Our review shows that there is no clear consensus in the commu-
nity about whether the SSQ should be used as an absolute (only
post-exposure) or relative (pre- and post-exposure) measure. 60%
of the papers presented the questionnaire post-hoc, the other 40%
before and after an experiment. These findings are in line with
prior work where arguments both in favor [3] and against [94]
both approaches can be found. Comparing both ways of adminis-
tration of the questionnaire, we did not find statistically significant
differences between post-exposure SSQ values of both groups in
our user study. These findings are in agreement with Ames et al.
[3], who also found no significant differences of post-exposure val-
ues when employing it post-exposure only versus employing pre-
and post-exposure. However, these findings stand in contrast to
Young et al., who found that repeatedly answering the SSQ results
in higher values than employing it only post-exposure [94]. Al-
though we cannot propose a clear solution based on our results
on administration practice, we suggest to use relative values (pre-
and post-exposure). Pre-exposure values could help to calibrate
symptomatology data that is assessed with severity scales, estab-
lishing a none-zero baseline. An open question remains, whether
high pre-exposure values are due to participants’ social desirability
bias [30].

5.5 On the Generalizability of the Sample

We found a large gender bias in the reviewed papers with only 39%
female participants. This represents another limitation of simulator
sickness research that should be addressed in the future. In our user
study we found that women rated simulator sickness symptoms
higher than men (Myyomen = 1.03, Mpen = 0.74). While it has
been argued that this is rather due to susceptibility than an effect
of sex [20, 26], we did not observe a similar effect for any other
factor (which were all measured with the same scale). We therefore
conclude, like other works before [2, 7, 27], that it is rather likely
that women experience higher values of simulator sickness than
men.

5.6 Limitations and Future Work

In the first part of this work we presented a systematic literature
review, investigating the current use of SSQ. Among other, we col-
lected the authors’ rationales of employing the questionnaire. When
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no specific reasons for employment were given, we concluded that
authors have used the SSQ as a standard measure of sickness or
discomfort symptoms in VR. This procedure might have introduced
a bias to the results. Furthermore, although we included three scien-
tific databases in our review, we might have missed works that were
published at other venues, and therefore cannot claim to present a
holistic review of all SSQ research.

In the second part of this work, we have identified and shown
the composition of three main components that contribute to dis-
comfort in VR. While we were able to further subdivide one of
them (ERG) into four sub factors, DES and simulator sickness are
each comprised by 11 and 10 items, which we could not further
refine in our work. However, in SSQ as well as in different DES
questionnaires, a further separation was proposed [46, 86]. Another
limitation of our work is that we only investigated three symptom
categories of discomfort. In addition, these addressed physiological
symptoms. VR can cause psychological problems, such as claustro-
phobia [73], that are not addressed by our current model and have
to be further investigated and potentially integrated into an even
more comprehensive discomfort model in future. Further, the user
study was conducted with frequent users of VR HMDs, with most of
the participants using their headset at least once a week. This may
have led to an overall low increase in symptom values. Therefore,
it will be interesting to repeat the study with novices or users that
are not as accustomed to VR devices, as this may yield higher symp-
tom values. This may also shed some light on whether experienced
users are less prone to experiencing symptoms or whether the rat-
ing scale is indeed too insensitive to measure small differences in
symptoms.

6 CONCLUSION

Using a systematic literature review, in this work we uncovered
the widespread practice of using the SSQ as a measure of general
discomfort in VR research - although the questionnaire was not
originally developed for this purpose and although it only covers
one of several prevalent and serious, but largely overlooked, symp-
tom categories. We therefore proposed and studied an extended
factor model of discomfort in VR HMDs that includes digital eye
strain and ergonomics in addition to simulator sickness. Using a
large-scale online study, we found that symptoms caused by head-
sets’ ergonomics were indeed most prevalent, and together with
digital eye strain, affecting users the most. Similar to Kennedy et
al. [46], who at the time developed the SSQ in response to a new
technology (simulators), our findings call not only for a change
in the common use of SSQ today but also for developing a more
comprehensive questionnaire for measuring general discomfort.
We do not claim to already present such a questionnaire, but hope
that our work will trigger a discussion on both topics to improve
future research on discomfort on VR head-mounted displays.
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