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Digital eye strain (DES), caused by prolonged exposure to digital screens, stresses the visual system and
negatively affects users’ well-being and productivity. While DES is well-studied in computer displays, its
impact on users of virtual reality (VR) head-mounted displays (HMDs) is largely unexplored—despite that
some of their key properties (e.g., the vergence-accommodation conflict) make VR-HMDs particularly prone.
This work provides the first comprehensive investigation into DES in VR HMDs. We present results from
a survey with 68 experienced users to understand DES symptoms in VR-HMDs. To help address DES, we
investigate eye exercises resulting from survey answers and blue light filtering in three user studies (N = 71).
Results demonstrate that eye exercises, but not blue light filtering, can effectively reduce DES. We conclude
with an extensive analysis of the user studies and condense our findings in 10 key challenges that guide future
work in this emerging research area.
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1 INTRODUCTION

A large body of work has shown that prolonged exposure to digital screens causes vision and eye
problems [12, 24, 79], collectively referred to as Digital Eye Strain (DES) or Computer Vision
Syndrome (CVS) [80]. Symptoms of DES include, but are not limited to, dry eyes, headache, double,
or blurred vision [86], and can lead to negative impacts on a person’s general well-being, quality
of life [64], and productivity [79]. The high demand for near-vision responses when looking at
conventional displays may further lead to accommodative fatigue [80] and can cause changes
in vergence and accommodation' responses [12]. Whereas in the past only office workers were
affected, DES has become a pervasive problem in today’s digital society with up to 90% of computer
users suffering from the symptoms on a regular basis [79].

DES symptoms are expected to be even more severe in virtual reality head-mounted dis-
plays (VR-HMDs) due to technical characteristics of these devices. This includes problems with
depth presentation caused by the vergence-accommodation conflict (VAC) [42, 59, 94] but also
problems caused by the stereoscopic displays, in particular, binocular disparity or stereoscopic
distortions [59]. In addition, VR-HMDs cover a wider part of the field of view than conventional
displays on which content is usually presented in the foveal area. Presentation of content also in
the periphery might lead to larger saccades, further increasing eye strain [38].

Especially when considering the broader distribution of VR-HMDs to consumers in recent years,
it is expected that DES symptoms will become even more prevalent and severe. However, while
DES is well-studied with conventional displays, such as laptops or smartphones [80], VR-HMDs
have received only little attention so far. Especially in comparison to the well-studied problem of
simulator sickness in VR, the issue of DES is insufficiently studied, despite that recent research
suggests that users might, in fact, at least be equally affected by both problems [39]. Furthermore,
existing approaches to address DES in VR-HMDs have primarily focused on the VAC as the main
cause of symptoms [38].

This work presents the first fundamental and comprehensive investigation into DES in
VR-HMDs by covering three essential parts (see Figure 1). We first present an online survey with
68 current VR- HMD users to better understand how they are affected by DES and what strategies
they use to cope with it. The survey confirmed that DES is, in fact, a widespread and unsolved prob-
lem for VR-HMD users. A total 46% of the users reported experiencing symptoms (e.g., headache,
dry eyes, and increased sensitivity to light) at least once per hour of usage, and 50% are concerned
about VR-HMDs harming their eyes. To mitigate or reduce DES, some users apply coping strate-
gies, such as closing the eyes or blinking quickly. However, most of them simply interrupt device
use. These results indicate that device-integrated solutions, which can be applied during device
use and do not require users to interrupt their experience, are missing. Inspired by these results,
we investigated two techniques to address DES in VR-HMDs that can be applied during device use.
For the first technique, we implemented two versions of the blue light filter method. Blue light
filtering is broadly spread among users of conventional digital devices to reduce DES symptoms
and some VR-HMD manufacturers already offer it as “night mode” in their devices, e.g., for the
Oculus Quest 2.2 However, an empirical investigation of the effect of blue light filters in VR-HMDs
is currently missing. For the second technique, we designed a set of eye exercises grounded in the
insights of the survey. The exercises consist of short (30 sec) visual tasks and are intended to mit-
igate the major symptoms of DES. We investigated the effectiveness of these approaches in three

Vergence and accommodation refer to two mechanisms of the visual system to perceive and process depth information.
Vergence refers to the simultaneous inward rotation of the eyes to fuse the images that both eyes perceive to one percept,
while accommodation refers to the bending of the eye lens to bend the entering light onto the fovea [27].

2© Facebook Technologies, LLC.: https://www.oculus.com/quest-2/, last retrieved: April 27, 2021.
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Fig. 1. This work investigates DES in virtual reality head-mounted displays from three complementary per-
spectives. In the first part understanding we report results of a survey about the prevalence and severity of
symptoms in experienced VR-HMD users. We also asked them about coping strategies that they use to allevi-
ate the problem. In the second part, we investigate two solutions to address the problem of DES in VR-HMDs
in three user studies. The third part, analyzing, includes an analysis of the three user studies, revealing that
the factors of sex and susceptibility drive DES in VR-HMDs. We conclude with 10 key challenges that guide
future research on DES in VR-HMDs.

user studies. In the first user study (N = 28), we compared the potential effects of two versions of
blue light filtering with a control condition. In the second and the third user study (N = 24 and N =
19), we investigated the frequency and duration of eye exercises. In all three user studies, we found
that participants experienced DES and that symptoms increased significantly in a usage time of
25 minutes. We found that the set of eye exercises significantly reduced DES symptoms directly
after their application and had a significant extended effect even after a second straining VR task
compared to a control condition. However, we did not find positive effects of the blue light filter
on DES symptoms. We conclude with a comprehensive analysis of all three user studies (N = 71).
This analysis revealed that women were slightly more severely affected by DES than men across all
three user studies. Furthermore, we identified that participants could be grouped into two sensitiv-
ity groups using a clustering analysis, with one group experiencing symptoms significantly more
severe than the other. Based on these analyzes, we present 10 key challenges that guide future
work in investigating and alleviating DES in VR-HMDs. In these key challenges, we highlight the
need to conduct further investigations into DES to get a more nuanced and holistic understanding
of the different types of discomfort than can occur as negative side effects of VR-HMD use. Fur-
thermore, we argue that DES measurement should become part of the landscape of measurements
applied to evaluate VR experiences and devices. Lastly, we point out how long-term challenges or
the relation to other VR usability metrics could impact future research.

2 RELATED WORK

This section gives a general overview of the causes and symptoms of DES, both with conventional
digital displays and specific to HMDs. Furthermore, we discuss objective and subjective measures
of DES. Lastly, we show how our research is related to previous work on approaches to alleviate
DES.

Terminology. In the literature, different terms are used interchangeably to refer to vision and eye
problems resulting from prolonged exposure to digital screens [38]. The formal diagnostic term for
eye strain is asthenopia [86] and refers to “complaints related to refractive error or ocular muscle
imbalance” [68]. The effects of eye strain can be divided into the two components visual fatigue and
visual discomfort [59]. Visual fatigue refers to implications of the performance of visual functions

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:4 T. Hirzle et al.

and is measured technically, e.g., with optometric instruments. On the other hand, visual discomfort
refers to the subjective component that is assessed with subjective user ratings [59]. DES is used
synonymously with the term CVS and refers to the type of asthenopia that specifically stems from
digital device usage [80].

2.1 Causes

2.1.1 General Causes of DES. Since the first introduction of video display terminals and later
computers at the workplace, many studies have investigated potential negative effects on users’
eye health (e.g., [26, 31, 47, 90]). Besides the number one cause exposure time, several additional
causes were suggested, including factors that stem from problems of the visual system (e.g., astig-
matism), properties of displays, or environmental settings [12, 24]. Coles-Brennan et al. proposed
an approach to structure causes into five categories: vision-related, oculomotor-related, ocular
surface-related, environmental factor-related, and device-related [24]. Vision-related causes stem
from vision problems, such as refractive error or presbyopia [87]. Oculomotor-related causes are
caused by disturbances in oculomotor responses, e.g., fixation disparity [25]. Ocular surface-related
causes result from irritations of the ocular surface of the eye. Besides environmental reasons or
contact lenses [56], this is assumed to be mainly caused by dry eye, e.g., a reduced blink rate [80, 90].
Environmental factors are related to the environment where the device is being used and include
lighting or humidity [12]. Lastly, there is a large set of device-related causes, such as close viewing
distances that, when held for a prolonged time period, can cause a high demand of vergence and
accommodation responses and, as such, tensions in the eye muscles [79, 94]. Other display-based
factors are glare [12], screen brightness [53], or color [101]. Besides this set of passive causes, par-
ticular interaction techniques or applications that require unnatural oculomotor responses, such as
prolonged fixation duration [93] or many long saccades [6], promote the occurrence of eye strain.
In practice, this may happen if a user interface requires users to keep their gaze on an element
for an extended amount of time (e.g., dwell-time interaction [18, 66]), if the interface requires a lot
of eye movements for the user to find and select the right user interface element [9, 17], or when
the user interface requires multiple gaze commands [74]. While researchers attempted to isolate
causes and measure their influence on symptoms experimentally, currently, no transparent model
exists that links symptoms and causes of DES [79].

2.1.2  Causes Specific to VR-HMDs and Stereoscopic Displays. Besides general causes of DES,
stereoscopic displays and HMDs incorporate several properties that promote eye strain further.
The most prominent cause for DES in HMDs is the VAC, i.e., the decoupling of vergence and ac-
commodation responses due to conflicts in depth representation [40, 42, 94]. In a recent study,
Vienne et al. found that vergence responses were slower immediately after the exposure to con-
flicting ocular depth cues [94]. Therefore, the authors suggest using these vergence dynamics as
objective indicators of DES in stereoscopic viewing conditions. Some attempts were made to mea-
sure strain that stems particularly from this conflict, e.g., by relating Electroencephalography
(EEG) signals to Simulator Sickness Questionnaire (SSQ) scores [62]. But given that there are
yet more factors presumed that make HMDs particularly prone to DES, it is difficult to isolate ef-
fects that stem solely from the VAC. For instance, an incorrect setting of interpupillary distance
can cause blurry and double vision [102]. Furthermore, influences like blur, glare, or refresh rate
might become more severe when applied over a larger field of view. All these indicators precisely
point toward current HMD technology, causing an increased occurrence of DES. However, to the
best of our knowledge, an analysis of the prevalence and severity of symptoms during natural
usage behavior of VR-HMD users in their homes is currently missing.
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2.2 Symptoms

2.2.1 General Symptoms of DES. DES is polysymptomatic and affects the visual system with
several problems that can have extended effects on a person’s general well-being and quality of life
[64]. The set of symptoms is extensive and includes eye-related as well as extraocular symptoms.
Extraocluar symptoms include neck pain, shoulder pain, headache, or backache [61]. Eye-related
symptoms can be grouped into being perceived inside the eye or externally [86]. Sheedy et al. in-
vestigated the effects of several inducing conditions of DES (e.g., close viewing distance or dry
eyes) to symptoms [85]. They found that internal symptoms (strain, ache, and headache) are re-
lated to inducing conditions that stem from visual functions (accommodative or convergence stress
or refractive error). On the other hand, external symptoms (burning, irritation, and dryness) are
caused by an irritation of the corneal surface of the eyes. Further studies confirmed this distinction
between internal and external eye-related symptoms (e.g., Zeri and Livi [103]).

2.2.2 Symptoms Specific to HMDs and Stereoscopic Displays. Since their introduction, re-
searchers investigated the temporary and long-term effects of VR-HMDs on the visual system
that would occur due to mismatches between the real and the simulated world of an HMD [72].
In an early study, Peli et al. did not find differences in visual functions but in subjective ratings
after a 30-min exposure to a stereoscopic VR-HMD compared to a desktop computer [71]. Par-
ticipants rated the VR-HMD exposure less comfortable than the exposure to the desktop display.
Other studies that assessed subjective DES in a comparison of HMDs to certain display types (e.g.,
tablets [99], TV monitors [58] or desktop, and projection displays [84]) support these findings that
HMDs cause a considerable amount of more discomfort. However, these studies were conducted
some years ago when HMDs were heavier and bulkier than today. Besides the form factor, the
literature suggests that the stereoscopic presentation of content in HMDs is a solid contributor
to subjective DES [58, 71]. Zeri and Livi [103] investigated the type of symptoms in stereoscopic
displays and found a similar structure of internal and external symptom factors as indicated by
Sheedy et al. [86]. While Sheedy et al. [86] found the sensation of external symptoms was higher
than internal ones, Zeri and Livi [103] report the opposite. These results could be explained by the
VAC present in stereoscopic displays. The VAC might increase accommodative stress and, with it,
internal symptoms, which are directly related to it.

2.2.3  Difference in Simulator Sickness and DES Symptoms. Currently, simulator sickness is the
dominant discomfort type investigated with VR-HMDs [39]. The difference between the two con-
cepts, simulator sickness and DES, is not entirely clear because simulator sickness is dominantly
measured with the SSQ [50], which includes an oculomotor sub scale covering symptoms that have
also been attributed to DES (e.g., eye strain or blurred vision). Therefore, eye strain has often been
considered a sub-category of simulator sickness [38]. Previous works revised the symptoms that
occur in VR. For example, Ames et al. developed a questionnaire explicitly addressing symptoms
that stem from VR viewing, covering 11 ocular and 12 non-ocular symptoms [4]. Kim et al. pro-
posed the VR sickness questionnaire, an adapted version of the SSQ specifically for VR use [51].
Both of these works consider oculomotor symptoms an important part of VR symptomatology but
consider them a sub-category of simulator sickness, and as such, do not provide a clear distinc-
tion between the two constructs. In contrast, in a recent study, Hirzle et al. provide a distinction
of the two concepts. They divide the discomfort that is experienced with VR-HMDs into three
factors: simulator sickness, DES, and ergonomic symptoms [39]. The simulator sickness factor in-
cludes symptoms relating to a feeling of nausea, such as dizziness, vertigo, or fullness of head.
The DES factor includes eye and vision-related symptoms, such as dry eyes, eye ache, or irritation.
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Interestingly, they did not find an overlap between the two factors suggesting that the concepts
are indeed different.

2.3 Measures

Due to the omnipresence of DES in today’s life, Rosenfield argued that DES assessment should
become an integral part of today’s standard eye examinations [80]. Besides external and internal
symptoms, DES can be decomposed into an objective and a subjective part, as pointed out by
Lambooji et al. [59]. The authors name visual fatigue as a term that refers to the objective compo-
nent measured technically by using an eye tracker and visual discomfort that describes the subjec-
tive element of DES, assessed by subjective user ratings.

2.3.1 Objective Measures. While optometric instruments provide high quality and detail in
the measurement of eye properties and visual functions, such as accommodative or vergence re-
sponses, it is difficult to use them without the expertise of an optometrist. Therefore, Wang et al.
proposed to use eye movements analysis, such as blink metrics, to determine the eye fatigue level
instead [97]. At this, blink metrics were by several other studies considered an indicator for the
DES in general [30, 73, 89]. However, one has to consider that objective eye measures, such as blink
rate or pupil size, are difficult to use in an applied setting, as influence factors such as cognitive or
affective load might have a huge impact on these metrics [70, 92].

2.3.2  Subjective Measures. In contrast to objective measures that require optometric expertise
or special devices, subjective measures are easier to integrate into study designs for evaluating
users’ symptoms at home. Proposed questionnaires and measurement scales vary in detail, both of
scale and items. In 1985, Howarth and Istance report findings of a two-year study to investigate the
prevalence and severity of visual problems that occur with the use of visual display units [44]. For
visual discomfort, they considered seven symptoms, rated on a 5-point scale from no discomfort to
very bad discomfort. The symptoms were “tiredness of the eyes”, “soreness or aching of the eyes”,
“soreness or irritation of the eyelids”, “watering of the eye”, “dryness of the eyes”, “a sensation of
hot or ’burning’ eyes”, and “a feeling of *sand in the eyes”. Segui et al. proposed the Computer
Vision Syndrome Questionnaire (CVS-Q) as a consistent measurement tool of the CVS at the
workplace [28]. In contrast to other works, the authors propose to assess symptoms on two scales,
a frequency (0: never, 1: occasionally, and 2: often or always) and an intensity scale (1: moderate,
2:intense), as they aim at detecting, whether users are affected by the CVS during a time period or
not at a single point in time. Sheedy et al. proposed to use visual analog scales to assess the values
of nine symptoms (external and internal ones) of DES [86]. One of the most used questionnaires to
assess DES and, in general, discomfort in VR-HMDs [39], is the SSQ [50]. Although it includes four
oculomotor symptoms (headache, eye strain, difficulty focusing, and blurred vision), it is rather
unspecified compared to the purposeful questionnaires mentioned. In a recent study, Hirzle et al.
used 21 symptoms to assess DES compared to simulator sickness and ergonomic symptoms in
VR-HMDs [39]. Using a factor analysis, they reduce this set of symptoms to 11 symptoms that
carry the most critical information on DES. To conclude, in the literature, there seems to be no
established questionnaire to evaluate DES specifically in virtual or augmented reality HMDs. In
our user studies, we measure DES symptoms subjectively by using the nine symptoms that were
proposed by Sheedy et al. [86]. We extend this set of symptoms by two symptoms (“difficulty
focusing” and “sensitivity to bright light” from CVS-Q [28] and SSQ [50]).

2.4 Strategies to Alleviate DES

2.4.1 Blue Light Filtering. Due to the polygenic and polysymptomatic nature of DES 38, 79], so-
lutions to reduce specific DES symptoms are challenging to design. A broadly propagated approach
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to creating a more comfortable viewing experience with digital devices is blue light filtering. While
it has been shown that the intensity of blue light emitted from digital devices is too low to cause
damaging effects to the eyes [87], it has been suggested that blue light glasses or filters might
help reduce DES [22, 46]. Cheng et al. report a reduction of subjective eye strain symptoms in
subjects that suffer from dry eye when wearing blue light filtering glasses compared to a control
group [22]. However, a control condition is missing, and as such, results have to be considered
with reservations. In Ide et al’s work, the potential positive effects of blue light filtering lenses are
attributed to reduced critical flicker frequency (CFF) values, but not to significant differences
in subjective DES [46]. In addition, recent studies that investigated the effects of blue light filtering
contact lenses [81] or screen filters [69, 76] did not find significant effects on subjectively reported
eye strain symptoms in a reading task. These results suggest that blue light filtering in digital
devices does not significantly impact subjectively perceived eye strain symptoms (at least during
exposure of 30 minutes). On the other hand, in recent years, HMD manufacturers have advertised
these filters by offering a “night mode” on their devices, e.g., Oculus Quest 2°. However, currently,
no experimental investigation of blue light filtering in VR-HMDs exists. We investigated the effect
of blue light filtering on subjective DES in our first user study.

2.4.2  Technical Approaches. Several technical devices have been proposed to treat dry eye syn-
drome [2] and strengthen the eye muscles to relieve eye strain [45, 91, 95]. For instance, Bonham
and Rallison proposed a holographic system that aims at exercising the ciliary muscles that con-
trol accommodation to reduce DES by varying focal distances [13]. However, these systems are
not empirically evaluated, and, therefore, their effectiveness is unknown. Furthermore, a variety
of technical solutions to alleviate DES were proposed for the use of screen-based digital devices
(e.g., when interacting with a computer or mobile screens [41]), often as part of correcting the er-
gonomic posture [19, 57]. For example, one approach is to apply external stimuli to remind users
to keep a healthy distance to the screen [65] or to increase the blink rate [29]. In contrast to these
works, we are interested in evaluating the effectiveness of device-integrated solutions that can
directly be integrated into VR-HMDs and do not require hardware or software modifications.

2.4.3 Eye Exercises. Another type of alleviation strategy is known in the field of vision ther-
apy. Here, eye exercises are applied to help with eye conditions like convergence insufficiency,
heterophoria, or strabismus [43], but also general well-being [75]. In a recent study, Thai et al. sug-
gest the use of eye exercises to reduce symptoms of DES during VR-HMD usage [88]. The authors
used two exercises from clinical context and compared their application in VR to the application
outside of VR with a control condition. The authors did not find statistically significant differences
between the conditions, although descriptively, symptoms were slightly more severe in the control
condition.

Other types of visual exercises were presented to improve visual acuity for patients with ambly-
opia by leveraging the possibility in VR to display different images to the eyes [10, 11, 36]. These
systems utilize the unique properties of HMDs to use as vision training devices for particular user
groups. In contrast, our work studies risk to eye health relevant to all users of VR-HMDs, and are
not specifically tailored toward a pathological issue or a specific user group.

3 UNDERSTANDING DES IN VR HMD USERS

Previous works typically investigated DES in laboratory studies, where DES symptoms were proac-
tively induced to evaluate causes and symptoms. Furthermore, the studies that exist and inves-
tigate natural usage behavior were conducted with computer or tablet displays. However, how
VR-HMD users are affected during natural usage is currently unknown. Besides, it is unclear how
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users cope with DES, as most of the discussed alleviation techniques require hardware or software
modifications.

To address these limitations, we consulted users who frequently use VR-HMDs about their DES
symptoms and the coping strategies they developed during natural user behavior. We, therefore,
designed an online survey that covered the two essential parts prevalence and severity of symptoms,
and coping strategies, summarized by the following research questions:

RQ1: What is the prevalence and severity of DES symptoms in everyday users of VR HMDs?
RQ2: Do users of current VR HMDs apply strategies to mitigate or prevent symptoms?

The survey consisted of 53 questions addressing frequency and duration of device usage, the
occurrence of symptoms of DES, and participants’ strategies to cope with symptoms. The complete
questionnaire is presented in appendix A.

3.1 Questionnaire

Devices and Usage. This first section of the questionnaire included seven questions about which
devices the respondents used, how often they used them, how long they had been using their
device, and how long they usually used their device in one session. We further asked how often
they usually interrupted their VR-HMD session and why they interrupted it. Lastly, we asked when
participants had used their headset the last time and whether they used one that allowed them to
adjust interpupillary distance.

Eye-Specific Demographics. In the second part, we asked participants three questions on whether
they had any vision problems or impairments and whether they used vision correction in their
daily lives and VR.

General DES Experience. In the third section, we asked participants eight questions about their
general experience with DES. We asked them how often and how intensely they usually experi-
enced DES symptoms during and after a VR session and after which time period symptoms usually
subsided. We also asked them to compare their DES experience in VR with that of a desktop mon-
itor. Lastly, we asked respondents to report a specific scenario in which they experienced DES. In
the questionnaire, we used the term “visual discomfort” to refer to all DES symptoms that partici-
pants experienced.

Computer Vision Syndrome-Questionnaire. In this section, we assessed specific symptoms of DES.
We were interested in capturing participants’ experience with DES not only for one specific experi-
ence but in general. Therefore, we used the (CVS-Q), which has the purpose of assessing symptoms
over a specific time period and indicating whether computer workers are affected by the CVS [28].
The CVS-Q incorporates a frequency and an intensity scale to determine the severity of symptoms.
The frequency scale is anchored around the time period of one week as a reference. As we were
looking for users who use their device frequently, but not eight hours a day, we defined our ref-
erence time period as one hour of usage. Therefore, we adapted the frequency scale of the CVS-Q
by defining “occasionally” as “sporadic episodes or once per hour of usage”, instead of “sporadic
episodes or once a week”. Similarly, we changed “often or always” from “2 or 3 times a week or
almost every day” to “2 or 3 times per hour of usage or almost every time”. We did not change the
intensity scale that covers two intensities, “moderate” and “intense” (and “N/A” if “never” is chosen
on the frequency scale).

Coping Strategies. In this section, we asked participants three questions about their knowledge
of coping strategies for DES, and whether they applied them or any other methods to cope with
DES symptoms.
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Fig. 2. Anoverview of how often the online survey respondents indicated to interrupt their VR-HMD sessions
of one hour. We found that 93% of the respondents interrupt device use at least once in general, 62% interrupt
it at least once due to general discomfort, 51% due to symptoms of DES, 41% due to symptoms of simulator
sickness, and 85% due to other reasons.

Usage of Coping Strategies. In the last section, we asked participants three questions on whether
and under which circumstances they could imagine using coping strategies to reduce DES
symptoms.

3.2 Participants

We conducted the study as an online survey, using the recruiting platform Prolific’ to recruit
participants. We screened participants with a registration study and invited only participants who
owned and used a VR-HMD regularly (at least once a week) to participate in the main study. Of
the 197 participants who participated in the registration study, 71 used a VR headset regularly and
therefore met the criteria for the main study. Finally, 68 participants completed the main study,
with a mean time of 13.2 minutes (SD = 6.7). On average, participants were 27 years old (SD = 7.6).
Out of them 29 identified as female and 39 as male. Participants received a reward of £0.63 for the
registration and £3.35 for the main study.

3.3 Results

3.3.1 Devices and Usage. A total 91% of the participants stated to own a VR headset, with the
most commonly used device being Sony PlayStation VR (38.2%), followed by the Oculus Rift (19.1%),
the Samsung GearVR (16.2%), and the HTC Vive (10.3%). Total 6% of the participants had only been
actively using their headset for less than a month. Total 43% had actively been using their headset
between one and six months and 29% between six and 12 months. Total 22% had actively been
using it for two or more than two years. Half of the participants (50%) usually used their device
for 30-60 minutes per session. Total 34% of the participants usually used it between 1-2 hours, 6%
between 2-3 hours, and only 1% used it for more than 3 hours. Total 9% usually used it for less
than 30 minutes in one session. A large part (39.7%) did not know whether the headset they used
allowed for the adjustment of the interpupillary distance (IPD). Less than 1% of the participants
stated that they adjust IPD most of the time when they use their device, 13% responded to adjust
it when they notice some symptoms of eye strain, and 18% stated to have adjusted IPD once at the
beginning of using the device. More than half of the respondents (51%) stated that they interrupted
their VR session at least once an hour due to symptoms of visual discomfort, with 11% taking the
headset off between three and five times (see Figure 2). The number of interruptions for visual
discomfort was even higher than for simulator sickness, for which 41% of the participants stated
to take off the headset more than once in an hour, with 15% taking it off between three and five
times.

3Prolific: https://prolific.co/, last retrieved: March 24, 2021.
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3.3.2  Eye-Specific Demographics. In total, 51% of the participants stated to have vision prob-
lems, i.e., nearsightedness (46%), farsightedness (4%), and astigmatism (12%). Of these 51%, 92%
indicated using prescription glasses (49%), contact lenses (9%), or both (34%) to correct their vision
problems. Of the respondents who used a form of vision correction, 28% indicated using prescrip-
tion glasses, and 25% indicated using contact lenses when using VR. In summary, 47% of the par-
ticipants who indicated a vision problem and usually used vision aids to correct their vision did
not use a vision aid in VR (15 participants in total).

3.3.3  General DES Experience. We first asked participants about their general experience with
visual discomfort during and after a VR session. We used the frequency (never, occasionally, often,
or always) and intensity (none, moderate, and intense) scales of the CVS-Q to assess this infor-
mation. Total 37% of the respondents stated that they occasionally experienced visual discomfort
during a VR session when asked whether they experienced it in any form. A fourth of this 37% were
participants who usually wore vision aids to correct their vision but did not use them in VR. Total
10% of all participants indicated that they often or always experienced visual discomfort, with 6%
being participants who did not wear their vision aids in VR. When asked about visual discomfort
that occurred after a VR session, 34% stated to experience moderate, visual discomfort, occasion-
ally, and 1% always. When asked after what period of time visual discomfort usually occurred, on
average, respondents stated that symptoms started to appear after 32 minutes of using the device.
When asked how long it usually takes for the symptoms to subside, 14% named an hour or more
after usage, 7% within 30 minutes, 23% within 15 minutes, and 33% within five minutes after use.
We further asked participants to compare the frequency of symptoms during VR usage with those
that arose while using a desktop screen. The majority (54%) stated that symptoms occurred more
often when using VR, 24% when using a desktop screen, and 22% equally often.

We asked participants about one specific scenario that they remembered in which visual dis-
comfort occurred and how they dealt with it. We received 38 answers that two of the authors
analyzed using thematic analysis following Braun and Clarke’s six-phase process [15]. The goal
of thematic analysis is to reveal common themes in the analyzed data. We used a data-driven
approach to extract themes in respondents’ answers looking for semantic themes that were al-
ready present in the data, not trying to find latent themes. As the scenario we asked for was
limited per definition, both authors found a set of similar themes. In the following, we summa-
rize the data under these themes. The result of this analysis were three main themes symptoms,
causes, and strategies. The most frequent symptoms we found were discomfort (8 times), nausea
(7 times), and headache (6 times). Other less frequent symptoms were strain (3), eye pain (3), and
difficulty focusing (3). The most common causes were long exposure (11 times) and rapid movement
(7 times). The most common avoidance strategy was to stop using the device (17 times), followed
by laying down (3 times, not a sub set of stopping device usage), and closing the eyes for a while
(3 times).

3.3.4 Computer Vision Syndrome-Questionnaire (CVS-Q). We asked participants to fill out the
adapted CVS-Q to gain information about their normal state of eye strain. The authors of CVS-Q
indicate that a score above six signals that a person probably suffers from CVS [28]. We excluded
four participants due to contradictory answers (i.e., they reported that a symptom never occurred
but marked it as intense on the intensity scale) for calculating the mean score. Total 53% of the par-
ticipants reached a CVS score of 6 or higher, and the mean score for the CVS-Q was 7.02(SD = 6.1)
on a scale of 0 — 64. We calculated the single symptom scores by multiplying the intensity and the
frequency values for each symptom and participant. We then averaged the single symptom scores
for each symptom and found the highest single symptom score for headache (M = 0.97,SD = 1.10),
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Table 1. Survey Respondents’ Ratings for the Single Symptoms of the CVS-Q
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never (%) R R A
ace. mod. ()
occ. intense (%)
always mod. (%)
always intense (%)
M 097 0.72 069 0.64 056 047 044 039 0.38 038 034 031 027 0.19 0.16 0.13
SD 110 1.02 096 098 0.79 0.73 0.71 0.55 055 0.60 0.51 091 0.70 043 0.57 0.38

The questionnaire assesses how frequently (never 0, occasionally 1, and always 2) and how intensely (moderate 1,
intense 2) a symptom occurs. Symptoms are ordered with regard to severity from left to right with “headache” being the
most frequent symptom and “colored halos around objects” the least frequent one. We show the ratings for each
symptom in percent. Below the mean single symptom score of each symptom is given; averaged over all participants.
The single symptom score of a symptom is calculated as the product of frequency and intensity.

followed by excessive blinking (M = 0.72,SD = 1.02), dryness (M = 0.69,SD = 0.96), and blurred
vision (M = 0.64,SD = 0.98) (see Table 1). We found a mean single symptom score of M = 0.44
(SD = 0.23).

We asked respondents whether they had ever experienced a symptom that was not listed. We re-
ceived three answers for this question: “strong eye strain”, “sweat and VR headset weight pressing
on my face”, and “tiredness after several hours (heavy eyelids)”.

3.3.5 Coping Strategies. In this section, we asked participants about their knowledge and usage
of coping strategies to alleviate DES symptoms. We listed six commonly known coping strategies
and asked respondents whether they knew and used them (see Figure 3 left). In general, 66% of the
respondents stated to use coping strategies during VR usage. Total 11% indicated to apply them two
or three times an hour, 31% once an hour, and 58% less than once an hour (see Figure 3 right). There
were some cases where participants knew about a coping strategy but did not use it. Reasons for
this are that participants indicated to forget about them (46%) or considered applying them as too
interruptive (23%) or effortful (8%). Total 34% stated that it would not deem necessary. Participants
had the opportunity to indicate additional coping strategies that they used. Here, participants
mentioned the following strategies: “I washed them [the eyes] with water”/“Splash my eyes with
cold water”, “Drink some water”, “Covering one eye for a while to fix depth perception.”, “Just
taking the headset off for 5 minutes does the job for me”, and “for about 10 seconds I Focus on
a nearest thing (mostly my fingers raised to eye level) and after 10 seconds, I look far away and
Focus on a distant thing (a top of a tree most often)”.

None of the participants mentioned using an eye exercise or eye training mobile app. When
asked about further comments regarding strategies to prevent or mitigate visual discomfort, we
received nine answers. One person asked for apps that could be used (P70), and one person men-
tioned that they did not have problems and therefore no need to apply coping strategies (P60).
Two respondents indicated that they did not know that strategies existed and that they usually
just closed their eyes (P37) or stopped the VR session to do nothing for a while (P47). P23 men-
tioned doing them more often “now that Ilearned more of them”. Two respondents mentioned that
they thought that “[eye exercises] ought to be recommended in the VR software” (P62), and that
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Fig. 3. Left: respondents’ answers to whether they knew and already used any of the presented coping strate-
gies. Right: frequency and duration preferences on how respondents would prefer to use coping strategies
without VR-HMD and integrated into a VR-HMD.

“[eye exercises] must be more publicized in order to increase awareness” (P31). Two respondents
mentioned that they used “splash of water or lubricant eye drops” (P69) or that they “instinctively
did things to cure our eyes” (P51).

3.3.6 Usage of Coping Strategies. Lastly, we asked participants about their willingness to per-
form coping strategies to reduce DES symptoms during VR usage. When asked if users would take
off the headset to perform eye exercises, 75% agreed. When asked about performing them in VR,
the agreement was at 80%, and 89% agreed to perform eye exercises that were integrated implicitly
into VR (e.g., in loading screens). Preferred frequency and duration of eye exercises are listed in
Figure 3 on the right.

When asked for final comments, we received the following answers. One participant mentioned
that not everybody experiences DES the same and therefore “the feature should be optional and
the length/frequency should be customizable” (P37). P23 indicated their willingness to do strate-
gies during loading screens in VR: “it would create a better experience even for the player”. P62
stated that “more games and VR sets should use them [coping strategies], it is important to not
scare people away from the technology”. P60 even wrote that coping strategies “should be [of]
knowledge for everyone who uses VR”.

3.4 Discussion

The results of our online survey confirm that DES is widespread and a severe problem to VR users,
with half of our survey participants taking off the HMD at least once an hour due to symptoms
of DES. Some (14%) even continue to experience symptoms for an hour or more after usage. The
results of the CVS-Q further support these findings, indicating that half of the respondents can be
considered to suffer from CVS (with 53% of the respondents having a score >6). We also found
notable differences across users: While some mentioned that discomfort occurred very shortly
(within 15 minutes) of using the device, others experienced it only after three or more hours of
usage. For example, P27 indicated that they got a headache after using the device “longer than
[they] usually do”. These results suggest that prolonged use should not be defined as an absolute
time value, but individually and adapted to a user’s habits, since—as stated by P37—"“not everyone
experiences the discomfort the same”.

If DES occurred, respondents stated to interrupt their experience most often either by discon-
tinuing device use or by closing their eyes for a while. About half of the participants knew coping
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strategies to mitigate eye strain. Most respondents who experienced DES symptoms applied their
strategies spontaneously (e.g., “I didn’t know that strategies existed, I tend to just close or rub my
eyes [or] take breaks from the screen”, P47). As a potential problem, we observed that respondents
forget about strategies and ignore DES when immersed in the experience. These findings underline
the strong need to develop solution techniques that can be integrated into VR-HMDs. This could
be implemented as a constant overlay present during the experience (e.g., blue light filtering) or
could be integrated as discrete, automated breaks during the experience (e.g., eye exercises). We
found strong support for the idea of these device-integrated solutions among participants, with
80% being willing to perform eye exercises integrated into VR-HMDs, and even more (89%) to use
them embedded in the experience (e.g., in loading screens or similar). Several participants also
made corresponding comments, e.g., “I think they ought to be recommended in the VR software”
(P62).

Regarding the specific symptoms that participants experienced, six symptoms had a single symp-
tom score greater than the mean single symptom. These were headache, excessive blinking, dryness,
blurred vision, increased sensitivity to light, and eye redness (see Table 1). Three of these symptoms
(excessive blinking, dryness, and eye redness) are related to external symptoms, according to Sheedy
etal. [85]. Internal symptoms can be caused by accommodative and convergence stress [86]. There-
fore, it is assumed that internal symptoms might become especially significant in stereoscopic dis-
plays [103]. Our results support this assumption, as headache, which is an internal symptom, is
the most severe symptom. Furthermore, eye pain, which is also an internal symptom, has a score
equal to the mean symptom score, and is therefore also relevant to users. Lastly, the symptom dou-
ble vision was not very important to the users, although more than 40% of the survey respondents
did not adjust the IPD of their VR-HMD. Therefore, we assume that other effects were stronger in
causing DES symptoms than the IPD adjustment.

The first conclusion we derive from the survey is that DES occurs frequently and affects more
than 50% of users regularly (at least once an hour of using a VR-HMD). Secondly, DES causes most
affected users to interrupt their VR experience or discontinue using the device completely. Users
also apply individual coping strategies, the effectiveness of which has not been determined. These
results underline the need to develop novel solutions to DES in VR that avoid interruptions and are
integrated into VR-HMD experiences. This was accurately summarized by P62, who stated, “More
games and VR sets should use them [eye exercises]. It is important not to scare people away from
the technology like we did with non-LED screens”.

4 ADDRESSING DES IN VR-HMDS

The results of our online survey showed that DES symptoms are widespread among VR-HMD users
and that alleviation approaches are missing. In particular, respondents’ statements highlighted the
need for integrated treatment methods that they can use without interrupting device use. In this
section, we, therefore, present our investigation of two types of device-integrated treatment meth-
ods. First, we investigated the blue light filtering approach, which is widely used with conventional
digital devices to alleviate DES symptoms, and has been integrated into VR-HMDs by some man-
ufacturers (e.g., as “night mode” in the Oculus Quest?). Secondly, we investigated eye exercises,
i.e., short visual tasks that trigger specific eye movements, aiming to relax the eye muscles and
reduce temporary symptoms of DES. Both treatment approaches can be integrated into the device
use, either by applying them constantly (blue light filtering) or by providing discrete breaks in
the experience to perform them (eye exercises). We conducted three user studies to evaluate both
approaches in detail.
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Fig. 4. Three screenshots of the custom VR game LightSaber that we developed and applied as the study
task in the blue light study.

4.1 Blue Light Filtering to Address DES in VR-HMDs (User Study 1)

Blue light filtering is broadly distributed as a method to protect users’ eyes during digital device
usage (e.g., on mobile phones?). Already, some VR-HMD manufacturers offer blue light filters inte-
grated as “night mode”, e.g., the Oculus Quest? or HTC Vive.’ However, studies with conventional
computer displays could not find a positive effect of blue light filters on DES symptoms [69, 76],
and an empirical investigation of the effect of blue light filters in VR-HMDs is missing. We de-
signed and conducted a user study to investigate the potential effect of blue light filters on DES
symptoms in VR-HMDs.

If effective, blue light filters would constitute an easy-to-integrate solution for VR-HMD de-
vices and experiences. However, the changes in colors and reduced brightness could cause adverse
effects on usability metrics, such as enjoyment, visual appeal, presence, and obtrusiveness. To in-
tegrate these aspects into our study design, we implemented two versions of blue light filtering
and compared these to a control condition. In the first version, a filter was applied globally to the
virtual image, similar to blue light filters in conventional smartphone or laptop displays. The fil-
ter was implemented to block 60% of the emitted blue light (see Figure 4(a)). We determined this
percentage in a set of pre-study experiments described in appendix Section B.1. Furthermore, we
investigated a second, peripheral version of blue light filtering, where a filter is only applied to the
users’ peripheral field of view. This second version constitutes a trade-off between the potential
positive effects on DES symptoms and negative effects on usability metrics. The visual system is
only sensitive to color in the foveal part of the field of view [96]. Therefore, we hypothesized that
when using a peripheral filter, users would still benefit from perceiving the colors naturally in the
foveal part while getting the positive effects of a lower amount of blue light that enters the eye
from the periphery. We implemented the filter as a radial vignette (25°) centered at the user’s head
pointer, from which the intensity of blocked blue light increased exponentially from 20% to 60%
at the periphery (see Figure 4(b)). To determine the specific properties of the peripheral filter, we
conducted three pre-study experiments that are described in detail in the appendix Section B.1.

We expected that—if blue light filters affect DES symptoms—a globally applied filter would result
in lower DES symptoms than a peripheral filter. However, the peripheral filter should still reduce
symptoms in comparison to a control condition. On the other hand, for the usability metrics (en-
joyment, visual appeal, presence, and obtrusiveness), we expected that scores would be higher for

4Samsung: https://www.samsung.com/au/support/mobile-devices/about-the-blue-light-filter/, last retrieved: April 29,
2021.
SHTC Corporation: https://www.htc.com/us/support/htc-10/howto/night-mode.html, last retrieved: April 30, 2021.
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Fig. 5. The procedure for the blue light study. Participants answered each a complete questionnaire before
and after each condition. During each condition, participants indicated their current perception of symptoms
by answering intermediate single-item questions on DES, simulator sickness, and ergonomic symptoms, in-
dicated by Qyp—Q1o. This procedure was the same for all three conditions, which were conducted on three
different days. During one condition, one type of treatment was active, i.e., a global filter, a peripheral filter,
or no filter.

the peripheral filter than for the global filter, as a peripheral filter would cause fewer color changes
in the environment. In summary, the following hypotheses guided the study:

H1: With a global blue light filter, participants report less severe DES symptoms than with
no filter.

H2: With a peripheral blue light filter, participants report less severe DES symptoms than
with no filter.

H3: With a global blue light filter, participants report less severe DES symptoms than with
a peripheral filter.

H4: With a global blue light filter, participants report lower usability scores than with no
filter.

H5: With a peripheral blue light filter, participants report lower usability scores than with
no filter.

Heé: With a global blue light filter, participants report lower usability scores than with a
peripheral filter.

4.1.1 Study Design. We implemented the study as a repeated-measures design with one inde-
pendent variable treatment with the three levels global filter, peripheral filter, and no filter (control
condition). The order of conditions (three) was counterbalanced (six groups in total), and we dis-
tributed participants randomly to the six groups. We recruited 28 participants and therefore had
imbalanced groups. The study software distributed the participants to four groups consisting of
four participants (two female, two male) and two groups consisting of six participants (three fe-
male, three male).

4.1.2  Measures. We assessed DES symptoms subjectively using self-report measures. Symp-
toms were assessed before and after each condition, using a complete questionnaire (see pre/post-
condition questionnaire in Figure 5). The complete DES questionnaire is based on Hirzle et al’s
analysis of symptoms in VR-HMDs [39]. It covers 21 symptoms on a 7-point scale, reaching from
nothing at all to very severe. In particular, we instructed participants as follows for each of the
items in the questionnaire: “click how strong your perception of each symptom is right now.” In
addition to the complete pre and post-condition questionnaire, we assessed a single-item of DES
11-times during the study, integrated as intermediate question (indicated as Qy—Q1¢ in Figure 5). It
was presented as follows: “Please indicate how strong your perception of DES symptoms is right
now.” (7-point scale, ranging from nothing at all to very severe).

Furthermore, we assessed symptoms of simulator sickness and symptoms caused by the head-
set’s ergonomics with complete questionnaires after each condition, also based on Hirzle et al’s
analysis [39]. While we asked about simulator sickness symptoms before and after each condition,
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we assessed ergonomic symptoms only after each condition. Symptoms of simulator sickness cover
the 16 items of the simulator sickness questionnaire [50]. We assessed ergonomic symptoms with
18 items, covering the six comfort rating scales of wearable devices [55], six statements about the
attachment of wearable devices [16]. Furthermore, we assessed the intensity of discomfort on dif-
ferent regions of the head and face with nine items on a Borg CR 10 scale [14]. Like the questions
on DES, we asked participants to indicate how strong their perception of each symptom was right
now on a 7-point scale, reaching from nothing at all to very severe. During the study, we integrated
a single-item version of each symptom group (simulator sickness and ergonomic symptoms), sim-
ilar to the single-item intermediate question on DES. The complete questionnaires are presented
in the appendix Section B.3.

In addition, after each condition, we assessed enjoyment, visual appeal, presence, and obtrusive-
ness, and polled for whether participants adjusted the interpupillary distance of the VR-HMD and
whether they wore vision aids during the study. To assess enjoyment we used the corresponding
sub scale of the Player Experience Inventory (PXI) by Vanden Abeele et al. [1] (five items on a
7-point Likert scale, ranging from strongly disagree to strongly agree). To measure visual appeal we
used three items of the PXI's audiovisual appeal sub scale that are also assessed on a 7-point Likert
scale, ranging from strongly disagree to strongly agree. For the assessment of presence, we used the
igroup presence questionnaire (IPQ) [83] (14 items on a 7-point scale). For the measurement
of obtrusiveness, we assessed five items from our pre-study experiment on a 7-point Likert scale,
ranging from strongly disagree to strongly agree. These items covered whether participants felt that
the visuals of the games influenced their experience and whether they noticed any changes in the
visuals. See appendix Section B.4 for the complete questionnaires.

4.1.3  Participants. To determine the sample size, we used the G*Power software.® We con-
ducted the following type of power analysis: “F tests”, “ANOVA: Repeated measures, within fac-
tors”, “A priori: Compute required sample size—given «, power, and effect size”. The parameters we
entered were: “effect size: 0.25”, “aerr prob: 0.05”, “Power (1-ferr prob): 0.8”, “number of groups: 17,
“number of measurements: 3”, “corr among rep measures: 0.5”, and “nonsphericity correction 7: 1”.
We assumed a medium effect size of f = 0.25 based on previous research on blue light filters [76].
Furthermore, as blue light filtering is applied by many consumers of digital devices, we expected
an at least medium sized effect. This analysis resulted in a total sample size of 28 participants.

Consequently, we recruited 28 participants (14 female, 14 male). To ensure that participants
paid attention to the task and questionnaires, we integrated three attention checks into the pre
and post-condition questionnaires and three attention checks into the intermediate questions for
each condition. The attention checks adhere to the survey platform’s guidelines on fair attention
checks.” No participant missed more than one attention check in an intermediate question or the
pre and post-condition questionnaires. Therefore, we included the data of all 28 participants in the
final analysis.

4.1.4 Study Task and Apparatus. As the study task, we implemented a customVR game
LightSaber based on the popular VR game BeatSaber.® In the game, the players have a red and
a blue saber that they use to cut cubes, which are spawned according to the music’s beat and
that fly toward them. The cubes are highlighted in either red or blue and can only be cut with

®G*Power Software: https://www.psychologie hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/
gpower.html, v 3.1.9.7, last retrieved: March 24, 2021.

"Prolific attention checks: https://researcher-help.prolific.co/hc/en-gb/articles/360009223553- Using-attention-checks-as-
a-measure-of-data-quality, last retrieved: April 8, 2021.

SBEAT GAMES: https://beatsaber.com/, last retrieved: March 23, 2021.
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the respective saber. Also, players have to cut the cubes in the correct direction indicated on each
cube with an arrow. The goal of the game is to cut all the cubes with the correct saber at the right
time (see Figure 4 for three screenshots of the game). The cubes were spawned from eight random
positions (top, bottom, left, right, upper left, upper right, lower left, and lower right) and four ran-
dom rotations (0°, 90°, 180°, and 270°, see appendix Section B.5). The LightSaber game consisted of
10 levels, increasing in difficulty. One level took 2:30 minutes. In the first two levels, cubes only
spawned from the left and the right position. In the third and the fourth levels, cubes addition-
ally spawned from the top and from the bottom position. For levels five to eight, cubes spawned
from the upper left, upper right, lower left, and lower right positions, and in the final two levels
(nine and 10), cubes spawned from all eight positions. We used 10 different songs that increased
in beats per minute (145, 148, 148, 178, 184, 190, 210, 214, and 220). A list of the songs is given in
the appendix Section B.6.

We pursued two goals with the design of the study environment. First, it had to be designed
in a way to induce symptoms of DES in a relatively short amount of time. Secondly, it had to be
designed in a way that blue light filtering would have an effect. If the game was designed with
colors with a low amount of blue light, blue light filtering would not have a large effect. Therefore,
we designed the game environment with a large amount of blue light. Furthermore, we styled
game elements to induce DES symptoms by using very bright and glowing colors to design the
sabers and the cubes. We implemented the study using Unity 3D° and the Oculus Quest?. A video
of the game, including the two blue light filters, can be found in the supplemental material.

4.1.5 Procedure. We conducted the study as an online study, recruiting participants via
Prolific.’ In a registration survey, we polled whether participants owned an Oculus Quest (ver-
sion one or version two) and whether they would like to participate in a three-day study. We only
sent invitations to the main study to participants who registered for participation. We split the
main study into three parts that participants had to conduct on three different days. We instructed
participants to conduct the study at the same time every day to exclude external discomfort fac-
tors caused by different times of the day. Participants only received an invitation to the second
and third day of the study after successfully completing the first and second day, respectively. We
only sent an invitation to the next day of the study 12 hours after participants had completed
the previous day to ensure that participants did not play the application twice on the same day.
We scheduled the study to take three hours in total, and participants received a reward of £27 in
total. We did not record any personal information from the participants, but the survey platform
provided the following additional data: age, sex, country of birth, country of current residence,
employment status, first language, nationality, and student status.

We clearly stated and explained that participants had to download a study software provided
by the researchers. After the participants provided informed consent, we introduced them to the
study procedure. They then filled out the two pre-condition questionnaires on DES and simulator
sickness. Only on the first day, we presented a guide on downloading and installing the study soft-
ware to their device. Afterward, we explained the three questions that participants had to answer
during the application, once in the beginning and then after completing each level. The partici-
pants answered the questions inside the same VR environment, using the same game controls as
during the game, as this was shown to preserve presence in game environments [35]. Participants
could refer to a board to their right, which explained the three symptom classes and the single
symptoms for each category. After giving a study ID to participants, the application started with
introducing the LightSaber controls and a tutorial on cutting the cubes in the correct direction and

Unity Technologies: https://unity.com/, last retrieved: March 24, 2021.
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Fig. 6. The results of the intermediate single-item DES statement “Please indicate how strong your percep-
tion of digital eye strain symptoms is right now” (7-point scale, ranging from nothing at all to very severe) that
was polled before the first level (Qp) and after each level (Q1-Q10) in each condition. We show the relative
symptom score averaged over all participants for each condition. Bars represent standard deviation.

Table 2. The Four Symptom Means Calculated for the
Blue Light Study Based on Sheedy et al’s
Symptoms Classification [86]

Mex Mi n Mvr
burning sensitivity to bright light
M ritation strain difficulty focusing
all 11 headache blurred vision
dryness

double vision

speed. After playing all 10 levels of the application, the study data were automatically uploaded to a
secure server of the university, and participants were referred back to the online survey. They then
answered the three post-experiment questionnaires and the questions about the VR experience.

4.1.6  Results. Our analysis will focus on the intermediate question and pre and post-condition
questionnaires about DES, which is the primary concern of this work. The results of the measures
of simulator sickness and ergonomic symptoms are not within the scope of this work.

Intermediate Question Results. In this section, we report the findings about the single-item DES
measure that was polled 11 times during each condition, indicated as Qy—Qjo in Figure 5. We
calculated a relative symptom score by subtracting the mean of the first three values as baseline
(mean(Qy, Q1, Q2)) from all values Qy—Q1¢. The rationale and exact calculations of this baseline
are given in Section B.2. The time course of the within-condition DES values averaged over all
participants for each condition is shown in Figure 6.

To determine potential effects of treatment and time point on DES, we conducted a two-
factorial analysis of variances. As normality tests revealed that the answers significantly differed
from a normal distribution for more than one group, we used a non-parametric test for the analysis
of variances (see appendix Section B.7.1 Table 16 for the results of the Shapiro-Wilk normality
tests). The nparLD R-package provides an ANOVA-type non-parametric test for the analysis of
variances [67].

We calculated a two-factor non-parametric ANOVA with the two factors treatment with three
levels (global filter, peripheral filter, and control condition) and time with 11 levels (Qy — Qo). In the
following, we report ANOVA-type test statistics and r-equivalent effect sizes based on Rosenthal
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Table 3. Friedman Test Results and Mean Values of the Four Symptom Means Overall Symptom Mean
M1, Symptom Mean of the External Symptoms My, Symptom Mean of the Internal Symptoms M;p, and
Symptoms Mean of the VR-specific Symptoms M, Shown for Each Condition of the Blue Light Study

Mall Mex Min Mvr
2 2 2 2
] Y(2)=044.p= 80 x2(2)=1.23,p=54 x(2)=0.08p=.96 x2(2)=019p=091
Friedman test results 7, _" 07 W = .0219 W = .0013 W = .0034
Global filter M=032SD=044 M=029,SD=070 M=0.71,5D=102 M=0.20,SD =0.40
Peripheral filter M=0.42,SD=0.61 M=0.54,SD=1.04 M=0.68,SD=0.89 M=0.21,SD = 0.44

Control condition M=0.27,SD =039 M=0.358D=070 M=0.63,SD=0.89 M =0.07,SD =0.35

Friedman tests did not reveal an effect of treatment on the symptom means. We report Kendall’'s W effect sizes.

and Rubin’s method [82].1° The test indicated a moderate effect of time (F(2) = 51.97,p < .01,7 =
.53) on relative DES values. Pairwise comparisons using post-hoc Dunn’s tests with Bonferroni
correction revealed statistically significant differences between the majority of time points. How-
ever, we did not find a statistically significant effect of treatment (F(2) = 2.29,p = .11,r = .21)
nor an interaction effect of time and treatment (F(1) = 7.58,p = .18,r = .23).

In summary, the level of DES significantly increased over the exposure time of 25 minutes in all
three conditions, and we could not find a statistically significant effect of treatment on the DES
levels between the conditions.

Pre/Post-Condition DES Results. For the DES questionnaires, we covered four aspects of eye strain
represented by four symptom means: M1, Mex, Min, My, (see Table 2). We analyzed the potential
effects of treatment (global filter, peripheral filter, and control condition) on the relative changes'!
of DES symptoms before and after each condition. We used a Friedman test, as the variables signif-
icantly differed from a normal distribution (see appendix Section B.7.1 Table 17 for the results of
the Shapiro-Wilk normality tests). The results did not indicate a statistically significant difference
between the four symptom means of the treatment methods (see Table 3 for statistical results).

In summary, we could not observe an effect of the treatment methods on the DES levels, not in
the intermediate questions nor in the pre/post questionnaires.

We further analyzed the internal consistency of each of the symptom means with Cronbach’s
alpha. We found acceptable values for M, (¢ = 0.77) and M., (o = 0.77), but a slightly low values
for M;, (« = 0.67), and a poor value for M, (¢ = 0.51). Therefore, the results for M,, must be
considered with caution.

Pre/Post-Condition Usability Results. We obtained values for the enjoyment, presence, visual ap-
peal, and obtrusiveness scales by averaging their 7-point scores (results for the Shapiro-wilk nor-
mality tests are shown in the appendix Section B.7.1 Table 17). Internal consistency, measured with
Cronbach’s alpha, was good for all four scales: visual appeal (o = 0.92), enjoyment (a = 0.97), pres-
ence (a = 0.87), and obtrusiveness (o« = 0.71). Statistical results and mean values of these variables
are shown in Table 4.

Using a Friedman test, we did not find statistically significant differences between the means
for visual appeal, enjoyment, presence, or obtrusiveness.

10This effect size is calculated based on the p-value, the sample size, and the number of conditions. It is designed for
situations where, for instance, “non-parametric procedures were used for which there are not currently accepted effect
size indicators” [82].

U'We calculated relative values by subtracting the value of the pre-condition questionnaire from the value of the post-
condition questionnaire for each symptom separately.
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Table 4. Friedman Test Results and Mean Values of the Usability Metrics Visual Appeal My 4,
Enjoyment Mg, Presence Mp, and Obtrusiveness Mo

My a Mg Mp Mo
2 2 2 2
. @) =151,p=47 @2 =12Lp=55 42 =316p=.21 x(2)=28p=.25
Friedman test results 3" )¢ W = .0216 W = .0564 W = .0500
Global filter M=337,SD=142 M=3.99.SD=131 M= —0.18,5D =087 M =3.16,5D = 0.94
Peripheral filter M =358SD=1.40 M=4.18,SD=1.27 M=-0.06,SD=0.87 M =3.01,SD =0.94

Control condition M =3.63,SD=139 M=4.17,SD=1.29 M =-0.03,5SD=0.76 M =2.78,SD=0.73

For each mean value, we conducted a Friedman test to reveal a potential effect of treatment. We report Kendall’'s W
effect sizes.

4.1.7 Discussion. Despite the widespread popularity of blue light filters for digital devices, we
could not find statistically significant effects of blue light filters in VR-HMDs, not in the intermedi-
ate single-item measured during the application, nor in the more detailed complete DES question-
naire. Therefore, we reject hypothesis H1. We did also not find an effect for the peripheral filter
compared to the no filter condition during the application. In contrast to the expected positive
effect of the peripheral filter, descriptive results suggested that it caused even more severe DES
values than when no filter was applied. Therefore, we also reject hypotheses H2 and H3. This
effect could be explained by the implementation of the filter based on the head-point of the partici-
pants. As we used a headset that did not have eye tracking integrated, we could not adapt the filter
to the gaze point of the participants, but only to their head rotation. Therefore, when participants
moved their eyes but did not move their head, the filter would not change, but participants could
be able to detect the filter. Although the subjective responses indicate that participants did not
detect the filter, we assume that the slight movement of the eyes might have detected the color
changes in the periphery. These slight changes might have influenced the perception of the filter.
Similar to an afterimage, looking at a blue light filter for a specific time period causes fatigue of the
peripheral cells. When looking at an image without filter directly afterward, it, therefore, appears
to be even brighter than before. This effect might have been initiated by the peripheral filter and
might therefore have caused an increase in DES values.

We expected that when using a blue light filter enjoyment, presence, visual appeal, and obtru-
siveness would be affected negatively. However, we could not observe any differences for these
values. Therefore, we reject hypotheses H4-H6. These results indicate that participants were not
only not disturbed by the filters, but that they did not even realize that a filter was active. One
explanation could be that participants were too immersed in the VR experience and too concen-
trated on the game that they would notice a filter, although we applied strong filter values of 60%.
Another explanation could be that the effect that the filter caused (both in DES symptoms and in
usability metrics) was very small and therefore overshadowed by effects of the game. Lastly, the
experiment is naturally limited by the VR application. Although we tried to create a DES-inducing
environment, and investigated the settings of the blue light filters with several pre-study experi-
ments, the absence of an effect could be attributed to our custom implementation.

We conclude that if there is an effect of blue light filters on DES symptoms in VR-HMDs, it can
only be a small effect, as we were not able to detect a statistically significant effect in our study. This
is despite the fact that we used an extra-strain-causing environment, a comparable exposure time
to previous DES studies [69, 81], well-established measures in the investigations of DES symptoms
[39, 86], and an adequate sample size to detect a medium effect, as indicated by the power analysis.
With all the precautions that we discussed, we conclude that applying a blue light filter does not
help significantly to reduce DES symptoms. Our results are in agreement with three recent studies,
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where no effect of the blue light filter condition could be found on DES symptoms in comparison
to a control condition in conventional displays [69, 76, 81].

4.2 Applying Eye Exercises to Address DES in VR-HMDs

The second approach that we investigated to address DES in VR-HMDs is eye exercises. The survey
results reveal that respondents are positive about using coping strategies, including eye exercises,
in general, and could envision using them regularly to reduce DES symptoms in VR- HMDs. To em-
pirically investigate the effect of eye exercises, we designed and evaluated a set of them in two user
studies. We designed the eye exercises as short visual tasks that trigger specific eye movements,
aiming to relax the eye muscles and reduce temporary symptoms of DES. In the design of the eye
exercises, we focused on their potential to be integrated into a VR application, i.e., to address DES
without requiring users to take the HMD off. As some survey respondents (e.g., P37) mentioned
closing their eyes when DES symptoms occur, we integrated closing the eyes as a special type of
eye exercise.

In the following, we first detail the design of the eye exercises. We then present the results of
the two user studies in which we investigated their effectiveness.

4.2.1 On the Design of Eye Exercises. For the design of eye exercises, we focused on the preva-
lence of symptoms as indicated by the survey respondents. The most prevalent symptoms, here
listed with classification as internal (I) or external (E) symptom, based on Sheedy et al’s [85] analy-
sis (an (X) indicates that the specific symptom is not classified as an external or internal symptom),
are headache (I), excessive blinking (E), dryness (E), blurred vision (X), increased sensitivity to light
(X), and eye redness (E). For the design of the eye exercises, we started by identifying causes that
have been linked to these symptoms [24]. We then designed eye exercises inspired by commer-
cial vision therapy applications'? that activate specific eye muscles and, in turn, aim at reducing
symptoms of DES. Each eye exercise was designed to take 30 seconds based on the online survey
results, where 60% of the respondents stated to be willing to perform coping strategies for up to
1 minute (see Figure 3 right). In the following, we detail the design of eye exercises for external
and internal symptoms.

Eye Exercises to Address External Symptoms. External symptoms are linked to dry eye syndrome,
which is strongly connected to a decrease in blink rate [12, 79]. The literature further suggests that
the completeness of blinks is decisive, with incomplete blinks causing the eye to dry out faster
[23, 73]. To counter dry eye, we designed E1 —a blinking task for which users have to perform
voluntary blinks for 30 seconds with closing the eyelids fully to prevent incomplete blinks (see E1
in Figure 7). Users are instructed by a pictogram of open/closed eyes and an audio cue to perform
the blinks (see E1 in Figure 8). The eye exercise is implemented as one voluntary blink per second
for seconds 0-10 and one blink per 0.75 seconds for seconds 11-20, i.e., the blink rate was slightly
increased after the first 10 seconds.

Eye Exercises to Address Internal Symptoms. While the link of external symptoms to dry eye
is clearly established, the causes of internal symptoms are more versatile. Glare and lighting are
known to cause DES with desktop monitors [79]. Increased sensitivity to light and headaches
are most probably caused by an increased amount of glare in VR-HMDs, where the eye-screen
distance is reduced, and the field of view is largely occupied [79]. This might result in the tension of
pupillary muscles that have to constantly adapt to very bright lighting conditions in VR. E2 aims at
relaxing the pupillary and ciliary muscles that control the pupil and the eye lens by contraction and

Zhttps://play.google.com/store/apps/details?id=com.eyeexamtest.eyecareplus&hl=en_US, last retrieved: March 31, 2021
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Fig. 7. We show the relation between each eye exercise (1) and symptom that we aim at addressing with
the respective exercise (2). E1 is designed to address the dry eye syndrome by increasing blink rate and the
completeness of blinks. E2 is designed to reduce tensions in the pupillary and ciliary muscles by changing
brightness level of the background and not providing a visual cue. E3 requires the eyes to shift focus to a far
distance, decreasing the VAC. E4-E8 are designed to release tension of the extraocular muscles, either by
inducing motion E4-E6 or by reducing motion E7-ES8.

Fig. 8. Screenshots of the custom VR eye exercise application: (a) the WordSearch Puzzle implemented as a
hemisphere of letters, (b) point of view of participants during the study task, this was same for the control
condition, (c) + E1-E8: instructions for the eye movements (arrows depicted here to indicate animations
within the instructions), and closing the eyes, E1: periodic blinking, E2: pupillary light reflex (with changing
background), E3: fixation shift, E4: saccades, E5: smooth pursuit, E6: rolling eyeball into one direction, E7:
static fixation, and E8: loose focus with open eyes. A video of the eye exercises is given in the supplemental
material.

relaxation [7]. We trigger the user’s pupils to react to slow lighting changes and, hence, contracting
and de-contracting the underlying muscles. In E2, we change the brightness of the background
from bright to dark, causing the pupil to slowly adapt to these changes (see Figure 7 E2).

The vergence-accommodation conflict in HMDs occurs as a result of non-corresponding depth
cues for vergence and accommodation responses. While the binocular disparity in VR triggers
vergence responses, accommodation responses are decoupled, and the eye lens focus is limited to
only one focal plane. As such, the ciliary muscle that controls the eye lens keeps being contracted
to bend the lens to the proper focal distance. This can result in symptoms like headache, blurred
vision, or difficulty focusing [42, 52]. As accommodation is set to infinity in common VR-HMDs, a
potential solution to minimize the VAC is to display objects at a far distance. With E3, we designed
an eye exercise that triggers a dynamic fixation, reaching from close to far and as such trigger
vergence responses to counteract the high demand of near vision in HMDs. At its farthest point, the
VAC should be minimal and, therefore, this exercise could temporarily reduce symptoms thereof.
Users were asked to keep fixating a virtual sphere that changes its position from 2.6 Unity units
distance to 0.4 Unity units distance two times in 30 seconds.
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Fig. 9. We implemented a custom VR experience WordSearch Puzzle that served as the task in both user
studies on eye exercises. Participants’ task was to find hidden words that were arranged randomly in four
directions.

One cause for headache, difficulty focusing, and general discomfort is tensions of the extraocu-
lar eye muscles produced by consistent focusing of the eyes on interactive elements in the foveal
field of view and the high demand of near vision in VR-HMDs. The extraocular muscles are those
that move the eyeball [5, p. 69]. To release the eyes from a possible tension, we designed three
types of dynamic exercises that activate these muscles by moving the eye into different directions
and applying different rotations. In E4, a sphere is presented that jumps to random locations in
the user’s inner and outer field of view. Following the sphere with the eyes causes saccades and
fixations, resulting in contraction and relaxing of the extraocular muscles (see Figure 7 E4). To per-
form this exercise, users have to fixate a virtual sphere that randomly jumps at different positions
in the virtual space within the field of view. We also provide a version of this exercise that relies on
the eye movement smooth pursuit (E5). Here, users have to fixate a virtual sphere that floats at a
random pattern in the virtual space within the field of view. E6 involves moving the eyes into one
direction for 15 seconds each (see Figure 7 E6). The user is instructed by an arrow that indicates
the direction of rotation.

Lastly, as the task we chose to induce symptoms was a reading task (we describe the task in detail
in Section 4.2.2), we wanted to offer two counter eye exercises that let the eyes rest for some time,
one with and one without a stimulus. These are E7 and E8. In the first one, a black background
is shown, and participants are simply asked to look ahead. In the second one, a stimulus (virtual
sphere at 1.5 Unity units) is shown that participants should concentrate their gaze upon for the
pre-defined time.

Lastly, we consider closing the eyes as a special case of eye exercise, as it does not provide a
visual stimulus, but simply asks the users to close their eyes for 30 seconds (see (c)) in Figure 8).

Implementation of Eye Exercises. For implementing the eye movements as VR experiences, we
developed a framework that allows developers to combine an optional number out of the eight
eye exercises plus closing the eyes into specific sessions. Each exercise starts with a one-sentence
instruction, which the user has to confirm by clicking on a start button on the controller. The
framework further allows for defining several properties of the eye exercise implementations, in-
cluding object type, duration, speed, and background. We implemented the eye exercises using
simple geometric structures and pictograms to guide the eye movements (see Figure 8 for screen-
shots of the pictograms). A complete list of the eye exercises is given in Table 5 and a video of the
eye exercises can be found in the supplemental material.

4.2.2  Study Task. We implemented a custom VR application designed as a representative VR
experience while inducing symptoms of DES. We chose a reading task, a common task used in
prior work for investigating DES symptoms with digital devices [25, 86]. Because reading alone is
rather uncommon in VR, we designed a word search puzzle game (WordSearch Puzzle) to simulate
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Table 5. A List of the Eye Exercises, Including the Special Type Closing the Eyes

E1 Periodic Blinking E3 Fixation Shift E5 Smooth Pursuits E7 Static Fixation Closing the Eyes
E2 Pupillary Light Reflex E4 Saccades E6 Rolling Eyeballs E8 Loose Focus

Fig. 10. Each study condition consisted of conducting the WordSearch Puzzle task in VR for 4 minutes, fol-
lowed by a treatment method for 30 seconds. This procedure was repeated four times in each condition. In
each condition, one of 10 treatment methods was active (8x eye exercises, 1x closing the eyes, and 1x control
condition). We assessed 11 symptoms of DES, four statements about the eye exercises, and the number of
words found at five measurement time points in each condition (Qo—Q4). A post-condition questionnaire was
applied covering statements on the effects of the specific eye movements.

VR use, implemented as a hemisphere of letters surrounding the user (see Figure 9). This combina-
tion constitutes a trade-off between keeping the study duration relatively short and inducing eye
strain, i.e., achieving measurable DES values. The users’ task was to find hidden words that were
distributed vertically and horizontally, and forwards and backward, in the grid. Each session hid
30 words of a pool of 240 words chosen from six categories (cities, countries, animals, means of
transport, food, and common first names). Users selected words by highlighting letters with the
trigger button of the controller. Correct words were highlighted in green, wrong ones in red.

4.2.3 Research Questions. We designed two user studies to evaluate the effectiveness of the
eye exercises (8x eye exercises and 1x closing the eyes) to address DES in VR-HMDs. We vary
the duration and frequency of eye exercises in these user studies to find the optimal application
method. In the online survey, most users (60%) indicated that they would be willing to perform
eye exercises for less than 1 minute in VR. When asked about the frequency, 44% indicated that
they would be willing to do the exercises more than once an hour. Therefore, in the first user study,
we investigate the effect of eye exercises when repeatedly applied for a short period during the
exposure (high frequency, short duration). In the second user study, we investigate eye exercises
when applied once during the exposure for a more extended time period (low frequency, long
duration). In both studies, we compared the eye exercises to a control condition. In the control
condition, participants were continuing the VR task, while in the other conditions, the main task
was interrupted by breaks to perform the eye exercises. The particular research questions that we
aimed at answering with these two user studies are:

RQ3: User study 2: Can DES symptoms during VR-HMD use be addressed by repeatedly ap-
plying single eye exercises during exposure for a short duration?

RQ4: User study 3: Can DES symptoms during VR-HMD use be addressed by applying a set
of eye exercises once during the exposure for a longer duration?

4.2.4  Applying Eye Exercises of Short Duration and High Frequency to Address DES in VR-HMDs
(User Study 2). In the first study on eye exercises, we compared the effects of the eight eye exer-
cises and closing the eyes when applied of short duration and high frequency to a control condition.

Study Design. We implemented the study as a repeated-measures design with one independent
variable treatment with 10 levels (8x eye exercise, 1x closing the eyes, and 1x control condition),
resulting in 10 conditions. Each exercise was implemented to take 30 seconds. The total duration
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Table 6. The Symptoms That We Measured in Both Eye Exercise User Studies

DES symptoms burning (E), dryness (E), irritation (E), tearing, ache (I), blur, double vision, headache (I), and strain (I)
VR-specific symptoms sensitivity to bright light, difficulty refocusing
Likert statements My eyes feel tired/relaxed. Performing the eye movement was straining/relieving for my eyes.

(E) refers to a symptom that is externally perceived and (I) refers to a symptom that is internally perceived according to
Sheedy et al. analysis [85].

of one condition was 25 minutes (Figure 10). The order of conditions was counterbalanced using
a 10 x 10 Latin square. As we recruited 24 participants, we had imbalanced groups. We had each
two participants in six of the groups, and three participants in four of the groups. Participants
conducted the conditions at 10 different days to avoid carryover effects of DES symptoms across
conditions. We instructed participants to perform the study application at the same time every
day in order to ensure similar preconditions (e.g., screen time, general fatigue). Participants re-
ceived a reward of € 35 plus the chance of winning another € 50 that were raffled among the five
participants with the highest word count.

Measures. To measure DES subjectively, we used the nine items proposed by Sheedy et al. (burn-
ing, ache, strain, irritation, tearing, blur, double vision, dryness, and headache) [86]. In addition to
these nine items, we measured two items that are specifically tailored toward DES in VR. These are
“sensitivity to bright light” from Segui et al.'s CVS-Q [28] and “difficulty refocusing” also from the
CVS-Q and from the SSQ [50]. We reduced the set of items from the first user study from 21 to 11 to
reduce the time that participants would need to answer the questionnaires. However, the analysis
of the results could be performed on the same set of items. Similar to the blue light user study, we
used a 7-point symptom severity scale to measure the symptoms. The labels of the scale were as
follows: no problem (0), minimal problem (can be easily ignored without effort, (1), mild problem
(can be ignored with effort, (2), moderate problem (cannot be ignored but does not influence the
activity, (3), moderately severe problem (cannot be ignored and occasionally limits the activity,
(4), severe problem (cannot be ignored and often limits my concentration on the activity, (5), and
very severe problem (cannot be ignored and markedly limits and requires rest during the activity,
(6). Lastly, we asked participants to rate the following four statements about the eye exercises on a
7-point Likert scale, reaching from strongly disagree to strongly agree: “Performing the eye exercise
was straining for my eyes”, “performing the eye exercise was relieving for my eyes”, “my eyes feel
tired”, and “my eyes feel relaxed”. A set of the items that were measured during each condition is
shown in Table 6. All 15 items were polled five times during one condition (indicated by Qp — Q4 in
Figure 10). Once in the beginning, three times during the application, and once at the end of each
condition.

After each condition participants answered a post-condition questionnaire on a laptop. This
questionnaire included the following questions on a 7-point Likert scale, reaching from strongly
disagree to strongly agree.

— “Tt was easy to perform the eye exercise.”

— “The eye exercise increased my sensation of eye strain”

— “The eye exercise reduced my sensation of eye strain.”

— “The eye exercise did not make a difference in my sensation of eye strain.”

— “Doing the eye exercise annoyed me”

— “Doing the eye exercise was fun.”

— “Tenjoyed doing the eye exercise”

— “Twould prefer to take off the headset to reduce eye strain rather than doing the eye exercise.”
— “I'would prefer to close my eyes rather than doing the eye exercise.”
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Furthermore, we asked them how effectively they perceived the eye exercise on a 7-point scale,
reaching from strong negative effect to strong positive effect (“Please rate the eye exercise in terms
of effectiveness from —3 to 3.). Lastly, we asked participants whether their eyes felt more or less
strained after doing the eye exercise (3-point scale: yes, no, I don’t know).

In a final questionnaire, which participants answered at the end of the study after having exe-
cuted all study conditions, we asked participants to answer 13 questions about the usage of eye
exercises. We asked them to choose each three eye exercises with respect to being “most effec-
tive”, “least effective”, “most fun®, and “least fun” (e.g., “Please choose the three eye exercises that
were most effective”). Furthermore, they were asked to name each three exercises that they would
“most likely use” or would “most likely not use”, if they were integrated into device use and if
they owned a headset. Lastly, they were asked how much each of the symptoms occurred over the
total duration of the study. The complete questionnaires and single item questions are given in the
appendix C.1.

Participants. We recruited 24 participants (8 female, 16 male) with a mean age of 24.5 (SD =
4.3). All of them had a scientific background in being bachelor, master or doctoral students at a
university. A total 10 of the participants had never used a VR-HMD before, and 13 had tried it
but not used it regularly. Only one person had used a VR headset regularly before the study. All
persons had normal, or correct-to-normal vision.

Apparatus and Study Application. As the participants conducted the study at home, we used
mobile headsets (Oculus Go Headset). These were more easily available than stationary ones (e.g.,
price) and more straightforward for participants to use (e.g., standalone, no external tracking).
The study task (WordSearch Puzzle) was implemented as a game with 10 levels. When starting
the application, it showed an overview of the levels. The participants were instructed to select
one specific level each day, the order of which was pre-defined by the experiment instructor. The
application consisted of two parts: A word search task followed by an eye movement, which was
repeated four times as shown in Figure 10.

Procedure. We introduced participants to the study in a 30-minute session, which included per-
forming a demo level of the study application. After participants signed a consent form, we gave
them an Oculus Go headset to take home for 14 days. We explained to them that they could can-
cel the study at any time if they felt uncomfortable without experiencing any disadvantages. We
then instructed them to perform the study application once a day for 10 days. We included four
additional days if they forgot to execute the application or did not feel well one day. We further
gave them a list with the order of levels they had to choose. The order of levels on the list was
counterbalanced among all participants. In each session, participants performed the WordSearch
Puzzle task four times, followed by an eye exercise. In total, there were five points of measurement
of eye strain in one session (see Figure 10). The questions were presented as user interfaces in
VR in the same surrounding environment as the word search application and the eye movements.
After participants completed the 10 days of assessment, they returned the headset, completed a
final questionnaire, and received the reward.

Results. Similar to the blue light user study, we calculated four symptom means (M7, Mex, Min,
M) to analyze the potential effects of individual eye exercises on subjectively perceived DES.!?
Furthermore, we analyzed potential effects on the four additional statements rated on a 7-point
Likert scale (see Table 6 for a summary of the symptoms).

3We calculated relative symptom scores by subtracting the first value (Qp) from each of the other values (Q;-Q4) for
every symptom and participant. As such, we could eliminate potential effects that occurred due to increased entry levels.
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Table 7. Results of the Non-parametric Analysis of Variances for the First User Study on Eye Exercises
in Which We Investigated Eye Exercises of Short Duration and High Frequency

Man Mex Min Moy
Time F(1) = 23.59,p < 0L r = 49 F(2) = 14.63.p < .01,r = .49 F(1) = 24.23,p < .0L,r = 49 F(1) = 16.15,p < .01,r = .49
Treatment  F(5) = 0.77,p = .58,r = .00  F(5) = 0.95,p = .45,r =.00  F(6) = 0.80,p = .57,r =.00  F(6) = 1.05,p = .39, r = .00
Time:Treat. F(8) = 0.81,p=.59,r =.00 F(9) = 0.86,p = .35,r =.00 F(10) = 1.11,p = .18,r = .27 F(7) = 0.83,p = .56,r = .00

Mstraining Mrelieving Mtiring Mrelaxing
Time F(2) =6.99,p < 0l,r = 49 F(2) =2.83,p=.07,r = 28 F(2) = 16.80,p < .0l,r = 49 F(1) = 17.23,p < .01,r = .49
Treatment  F(5) = 5.23,p < .01,r = .57 F(4) =5.47,p < .01,r = .57 F(6) =0.49,p=.81,r =.00 F(5)=1.2,p = .31,r =.00
Time:Treat. F(8) = 1.2,p=.29,r =.00  F(9) = 0.82,p = .60,r =.00  F(10) = 1.0,p = .44,r = .00  F(8) = 1.11,p = .35,r = .00

The data were analyzed following a two-factorial design with one factor treatment and one factor time. For the four
symptom means M7, Mex, My, and M, we analyzed the relative symptom scores. Therefore, the factor time had
four levels Q1-9, Q2-0, Q3-0, and Q4. For the four additional statements Ms;raining, Mrelievings Mtiring, and

My claxing> We analyzed the absolute values with the factor time having four levels Q1, Q2, Q3, and Qy, as we excluded
the first value at Qp from the analysis. We report r-equivalent effect sizes based on Rosenthal and Rubin’s method [82].

We found good values for the internal consistency (Cronbach’s alpha) for all four symptom
means: Mgy : a = 0.92, Moy : @ = 0.84, M;, : @ = 0.82,and My, : @ = 0.81. As some of the groups
significantly differed from a normal distribution (refer to the appendix Section C.2.1 for normality
test results), we analyzed potential effects using a two-factor non-parametric test for variance
analysis with the factors treatment (10 levels: 8x eye exercises, 1x closing the eyes, and 1x control
condition) and time (four levels: Q;_o—Q4-). To calculate the test, we used the nparLD R-package
[67]. In the following, we report ANOVA-type statistics and effect sizes calculated according to
Rosenthal and Rubin’s method [82]. For post-hoc tests, we applied Dunn-tests with Bonferroni
correction.

We found significant effects of time on all four means (M7, Mex, Mipn, My, ), indicating that
the symptoms became more severe the longer the exposure was (see Table 7 for test statistics and
Figure 11 for the course of the symptom means). We did not find a statistically significant effect
of treatment, nor an interaction effect between time and treatment, on any of the four relative
symptom means. In summary, we found that the severity of the symptoms increased over time in
all conditions, but the treatment did not have an effect on the experienced symptom level.

For the perceived feeling of strain and relief,'* we found a significant effect of treatment, as
well as an interaction effect between time and treatment (see Table 7 for test statistics). For the
perceived tiring or relaxing effect of the exercises, we found a statistically significant effect of
time, but not treatment. Lastly, for the presence item we found a statistically significant effect of
time (F(2) = 6.59,p < .01, 7, = 0.98), showing that presence scores increased with exposure time
from Moo = 3.33 (SD = 0) to Mp4 = 3.83 (SD = 1.42).

In the following, we report the results for the post-condition questionnaire. The participants
agreed that all eye exercises, including closing the eyes, were easy to perform with the highest
values for closing the eyes (M = 5.8,SD = 1.7) and E8 “loose focus” (M = 5.6,SD = 1.5), and the
lowest value for E6 “rolling the eyeballs” (M = 4.2, SD = 1.7). The majority of participants stated
that their eyes felt more strained for all eye exercises after the VR task than before the VR task
(M = 15.78,SD = 2.25). There was also great agreement that their eyes did not feel less strained
than before the VR experience (M = 18.7,SD = 2.16). When looking at the general questions
that participants answered after each condition, participants are split about the effects of coping
strategies. When asked whether doing the eye exercises annoyed them, E6 (13 participants rated
this statement with at least slightly agree) and E7 (12 participants rated this statement with at

14For these values, we did not calculate relative changes, but used absolute values. We excluded the first value, measured
at Qo, from the analysis because participants did not perform an eye exercise before the first task.
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Fig. 11. Relative symptom scores of the four symptom means that were assessed during each condition in
the first user study on eye exercises. The values depict relative changes to the first measurement time point
Qo. Bars represent standard deviation.

least slightly agree) were the ones that received the most negative ratings. For all other conditions,
the answers did not indicate a clear negative aspect. When asked whether participants would
enjoy doing the eye exercises, on average eight rated the statement with slightly agree or higher,
nine rated the statement with slightly disagree or lower,and seven rated it as neutral. Opinions
on whether participants preferred to take off the headset than doing the eye exercises were also
mixed. On average 12 indicated that they would prefer to take off the headset, eight indicated that
they would prefer to do the eye exercises, and four rated the statement as neutral. All results of
the post-condition questionnaires are given in the appendix Section C.2.2.

In the final questionnaire, we asked participants to choose each three eye exercises concerning
“effectiveness” and whether they would use them to reduce eye strain during a VR experience (e.g.,
“Please choose the three eye exercises that were most effective.”). Close eyes was named 22 times to
be the most effective eye exercise in reducing eye strain during the experience, followed by periodic
blinking (9) and none (9). When asked for the three least effective eye exercises, none was named
13 times, followed by pupillary light reflex (11) and rolling the eyeball (10). When asked which eye
exercises participants would most likely use, close eyes was named 18 times, followed by none (15)
and smooth pursuit (9). The ones that participants would most likely not use were none (13), rolling
the eyeball (12), and pupillary light reflex (10). Lastly, we asked participants to rate the occurrence
of single symptoms over the total duration of the study. Two-thirds of the participants stated that
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Fig. 12. The second user study on eye exercises consisted of three conditions. Participants first played the
WordSearch Puzzle for 10 minutes as the task for each condition. They then performed one of three treatment
methods for 2:30 minutes. After the treatment, participants completed the second WordSeach Puzzle task of
three minutes. The three treatment methods were eye exercises, closing the eyes, and the control condition
in which participants continued with the task. We recorded objective and subjective dependent variables at
four measurement time points (Qp—Q3).

symptoms occurred up to 25% of the time, with the following ones being experiences particularly
often: strain, dryness, blurred vision, and sensitivity to bright light.

4.2.5 Applying Eye Exercises of Long Duration and Low Frequency to Address DES in VR-HMDs
(User study 3). As we did not find statistically significant effects of eye exercises of short duration
and high frequency on DES symptoms, in a second step, we tested their effectiveness when applied
of long duration and low frequency. Instead of applying one eye exercise for a longer duration, we
put together five individual eye exercises to a set. The set of eye exercises constitutes a trade-off
between a longer duration and not performing the same eye exercise for a prolonged time period.
By putting together a set of five exercises a 30 seconds, we achieved a total treatment time of
2:30 minutes. We selected the eye exercises E1 periodic blinking, E2 pupillary light reflex, E3
fixation shift, E4 saccades, and E6 rolling eyeball into one direction. Again, we considered closing
the eyes a special case of eye exercise, as it does not provide a visual stimulus. Therefore, we added
it as a separate condition to the study.

In summary, in the second user study on eye exercises, we investigated two treatment strategies:
closing the eyes and a set of eye exercises in comparison to a control condition. We also added
objective eye measures (pupil size and blink rate) to the study design to gain a more detailed
impression of DES symptoms.

Study Design. The study was implemented as a repeated-measures design with one independent
variable treatment with three levels (eye exercises, closing the eyes, and control condition) result-
ing in three conditions. The condition order was counterbalanced using a 3x3 Latin square. As we
recruited 19 participants, the grouped were imbalanced. We had two groups with each six partici-
pants, and one group with seven participants. Participants completed the three conditions at three
different days to ensure that there were no carry over effects of DES. As dependent variables we
assessed objective (pupil size and blink rate) and subjective measures of DES (11 symptoms on a
7-point scale). An overview of the study design is shown in Figure 12. We used the same task as
in the previous user study to simulate VR usage and induce DES symptoms (see Figure 9 for a
screenshot of the WordSearch Puzzle).

We split each condition into three parts to measure the immediate and extended effects of the
treatment method. The procedure for each condition of the study is shown in Figure 12. First,
participants conducted a round of the WordSearch Puzzle game as the initial task for 10 minutes.
Afterward, in each condition, they performed one of the three treatment methods eye exercises,
closing the eyes, and control condition for 2:30 minutes. In the third part, to induce DES symptoms
a second time, participants completed a second round of the WordSearch puzzle for 3 minutes. One
condition took about 30-40 minutes and participants received a reward of € 25 in total. For an
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additional incentive to take part in a longitudinal study over three days, we raffled another € 50
among the five participants with the highest word score after all three sessions.

Measures. Similar to the two previous user studies, we measured 11 DES symptoms on a 7-point
scale, reaching from no discomfort to very severe discomfort. In addition to the nine items of Sheedy
et al. [86], we assessed the two additional VR-specific items “sensitivity to bright light” and “dif-
ficulty refocusing”. Lastly, participants were asked how tired and relaxed their eye felt after each
condition, on a 7-point scale.

As dependent objective variables, we used eye tracking measures. We chose this method since
eye trackers will most probably be integrated into future HMDs [40] and, as such, enable users
to measure DES objectively without requiring additional instrumentation. Wang et al. suggested
that DES can be detected based on blinking metrics [97]. Additionally, we recorded pupil size as an
indicator for general fatigue [98]. The Pupil Capture software allows for adjusting confidence and
filter length values for blinks to be detected. To identify correct values, we followed the procedure
of Langbehn et al. [60]. Similarly, we conducted a pre-test with three persons identifying that a
confidence value of 0.5 (ranging from 0 to 1 with 0 meaning no confidence and 1 representing the
highest possible confidence) and a duration filter length of 300 ms would give the best result for
recognizing blinks. Consequently, we recorded blinks and pupil size of both eyes of the participants
as objective dependent variables.

Participants. We recruited 19 participants (7 female, 12 male) with an average age of 26.9 (SD =
2.5). They were students (13) or employed for wages (6). Only three participants had never used
VR before, the others either currently used (2) or had used a headset regularly (5). The remaining
9 participants had tried VR before, but never used it regularly.

Apparatus and Study Application. The study was implemented using Unity 3D and the HTC
Vive Pro with integrated Pupil Labs Add-ons [49]. We used version 1.6.11 of the Pupil Capture and
Player Software. We used the same study application as in the previous user study on eye exercises.
However, this time, the eye exercises were not presented individually, but in a set. A video of the
three conditions is given in the supplemental material.

Procedure. The study took place in a quiet room at a university. After a brief introduction, par-
ticipants signed a consent form and went through a training session of the WordSearch Puzzle
study task. After completing eye tracker calibration, users underwent a 20-second assessment of
objective measures (Qp in Figure 12).

During measurement, participants looked at a fixation cross with a dark background instructed
to internally count up from one to control cognitive load and affective factors that influence pupil
size [20, 70]. After measurement, participants answered the aforementioned 13 items on 7-point
Likert scales while staying inside VR. These were implemented as user interfaces in VR in the same
virtual surroundings as during the task. After that, participants performed the WordSearch Puzzle
task for 10 minutes (see Figure 12), followed by a second assessment of DES (Q1). Then, they were
presented with one of the three treatment variants per condition (see “Treatment” in Figure 12),
where each took 2:30 minutes. After the third assessment of DES (Q;), participants had to complete
another round of the WordSearch Puzzle for 3 minutes, followed by the fourth assessment of DES

(Q3).

Results. The dependent measures were gathered at four time points Qy—-Qs; as depicted in
Figure 12.

Similar to the first user study on eye exercises, we calculated relative symptom scores
of the subjective data by subtracting the first value (Qp) from the three values at Q;-Qs.
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Table 8. Results of the Non-parametric Analysis of Variances for the Second User Study on Eye Exercises
in Which We Investigated Eye Exercises of Long Duration and Low Frequency

Man Mex Min My
Time F(2) = 13.65,p < .01,r =.54 F(2) =5.88,p <.01,r =.54 F(2) =17.68,p < .01,r = .54 F(2) =9.91,p <.01,r = .54
Treatment  F(2) =3.41,p = .04,r = .40 F(2) =3.18,p=.04,r =.40 F(2)=1.82p=.16,r=.21 F(2)=2.25p=.11,r = .26
Time:Treat. F(3) = 4.87.p < .01,r =.59 F(3) =3.86,p < 0.01,r = .59 F(2) =4.35,p < .01,r =.59  F(3) =3.20,p = .02,r = .51

We report ANOVA-type statistics. The data were analyzed following a two-factorial design with one factor treatment
and one factor time. We analyzed the relative symptom means. Therefore, the factor time has three levels. We report
r-equivalent effect sizes.

Table 9. Mean Values for the Four Symptom Means of the Second User Study on Eye Exercise,
Summarized by Condition

Mall Mex Min M'ur
Close Eyes M =0.84,SD = 0.85 M =1.25,SD =1.35 M=1.11,SD =1.15 M =0.30,SD = 0.65
Eye Exercises M =0.91,SD =0.82 M =1.35,SD =1.20 M =1.09,SD = 0.88 M =0.38,SD =0.83

Control Condition M =1.18,SD = 0.87 M =1.68,5D =1.15 M =1.29,5D = 0.87 M =0.83,SD = 1.03

We then calculated the same four symptom means as in the two previous user studies (M7, Mex,
Min, M,,) to analyze the potential effects of the treatment methods on subjectively perceived
DES. We found acceptable internal consistency values (Cronbach’s alpha) for M,;; (@ = 0.88), M,y
(a = 0.76), and My, (¢ = 0.74). Only the value for M;, was slightly below the threshold to indicate
acceptable internal consistency (@ = 0.69 < 0.7).

We analyzed the data with a two-factorial test with the factors treatment (three levels: eye
exercises, closing the eyes, and control condition) and time (three levels: Q1 o, Q2_o, Q3-0)."> As
some of the variables differed from a normal distribution, we tested the symptom means with
a non-parametric test for analysis of variances (see Shapiro-Wilk normality test results in the
appendix Section D.1). We found a significant effect of treatment on the overall symptom mean
Mg and the external symptom mean M., (see Table 8 for test statistics). Post-hoc tests for the
overall symptoms mean M,;; showed that the control condition produced significantly more severe
DES symptoms than the closing the eyes condition (see Table 9 for the mean values of the four
symptom means in each condition). For the external symptoms mean M., we could not observe
any significant group differences. Furthermore, we found an effect of time on all four symptom
means. Post-hoc tests only revealed one group difference, showing that the internal symptom mean
value M;, was significantly lower for the time point Q, than for the time point Qs. Lastly, we found
interaction effects between time and treatment for all four symptom means. All results for the
non-parametric analysis of variances are given in Table 8. A time course of the four symptom
means averaged across all participants is shown in Figure 13.

The interaction effects between time and treatment for all four symptom means suggest that
there is an effect of the different treatment conditions depending on the measurement time point.
To reveal such potential time-dependent effects, we followed up with a more detailed analysis of
the symptom means. In particular, we analyzed potential differences in symptom means directly
after the treatment (Q,) versus directly before the treatment (Q;). This would reveal a potential
immediate effect of the treatment method. To do so, we tested whether treatment as independent
variable had an effect on the relative symptom means of Dif(Q,—Q;) as dependent variables. Sec-
ondly, we analyzed potential extended treatment effects by building an extended symptom mean

15We removed Qy from the analysis, as we calculated relative symptom scores based on this value.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:32 T. Hirzle et al.

Fig. 13. The values for the four relative symptom mean over time from Qi—¢ to Q3o averaged across all
participants for user study 3. Colors indicate the different treatment methods eye exercises, closing the eyes,
and the control condition. My is the mean of all 11 symptoms. M,y is the mean of the external symptoms
burning, dry eye, and irritation. M;, is the mean of the internal symptoms eye ache, headache, and eye
strain. My, is the mean of the VR-specific symptoms blurred vision, difficulty focusing, double vision, and
sensitivity to bright light. Bars represent standard deviation.

Table 10. Mean Values for the Four Relative Symptom Means of the Second User Study on Eye Exercises,
Calculated as Indicating an Immediate Effect Dif(Q2—Q1) and an Extended Effect Dif(Q3—0Q1)

Man Mex Min My,
Close Eyes (Q,—0Q1) M =-0.52,SD =0.56 M =-0.49,SD =0.78 M = —-0.60,SD =0.86 M = —0.54,5D =0.77
Eye Exercises (Q,—Q;) M =—0.44,SD = 0.60 M= —0.49,SD =0.96 M =—0.47,SD =0.82 M = —0.42,5D = 0.59

Control Condition (Q;—Q;) M =0.14,SD=0.38 M =0.355D=0.50 M =0.07,SD=0.48 M = 0.04,5D = 0.56
Close Eyes (03—0;) M=-019,SD =044 M=—0.18,SD =086 M=—0045D=078 M=-033,5D=0.58
Eye Exercises (Qs—01) M =0.03,SD=056 M=-0.18,SD=0.87 M=021,SD=0.88 M=-0.17,5SD = 0.43
Control Condition (Q5—Q;) M =0.36,SD =0.62 M =0585D=0.71 M=053,5D=0.73 M=0.09,SD = 0.85

of the time points after the second task (Q3) and before the first task (Q;). All mean values of these
variables are shown in Table 10.

We first report results for the immediate effect of the treatment method on the symptoms means
(Q2—01). Boxplots of these results are presented in Figure 14. Using a one-way repeated-measures
ANOVA, we found a significant effect of treatment on the mean of all symptoms M,;; (F(2,36) =
7.79,p < .01, 5% = .25) and on the external symptom mean M., (F(2,36) = 6.24,p < .01, 7% = 0.22).
Post-hoc tests revealed that close eyes and eye exercises resulted in less severe overall symptom
means M, in comparison to the control condition (close eyes: p < .01, eye exercises: p = .028)
and in less severe external symptom means M., in comparison to the control condition (close eyes:
p < .01, eye exercises: p = .01). The internal and VR-specific symptoms means were analyzed
with Friedman tests. As effect size we report Kendall’s W. For the internal symptoms mean M;,,
we found a statistically significant small effect of treatment method (y%(2) = 9.79, p < .01, W =
0.14). Pairwise Wilcoxon signed rank test with Bonferroni correction between groups revealed a
statistically significant difference between the close eyes and the control condition (p = .01). For
the VR-specific symptom mean M,,,, we did not find a statistically significant effect of treatment
method (y?(2) = 5.26, p = .07).

In the following, we report results of the extended effect of the treatment methods on the symp-
tom means. Boxplots of the results are shown in Figure 15. The overall symptom mean M,;;, inter-
nal symptom mean M;,, and VR-specific symptom mean M, were tested with Friedman tests. We
found statistically significant small effects of treatment method on the overall symptom mean
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Fig. 14. Boxplots of the relative values of the four symptom means, averaged over all participant and pre-
sented separately for each treatment method. The values reflect the immediate effect of treatment method

on DES symptoms (Dif(Q2—01)).

Fig. 15. Boxplots of the relative values of the four symptom means, averaged over all participant and pre-
sented separately for each treatment method. The values reflect the extended effect of treatment method on
DES symptoms (Dif(Q3—Q1)).

Man (%(2) = 9.95,p < .01, W = 0.26) and the internal symptom mean M;, (¥?(2) = 10.0,
p < .01, W = 0.26), but not on the VR-specific symptom mean M,, (y?(2) = 1.3, p = .52). Post-
hoc tests revealed a statistically significant difference between the overall symptom mean M,y
of the close eyes and the control condition (p < .01). We did not find any other group differences
for the overall symptom mean M,; or the internal symptom mean M;,. The external symptom
mean M., was tested with a one-way repeated-measures ANOVA for the potential effects of the
treatment method. We found statistically significant differences between the treatment methods
(F(2,36) = 4.75, p = .02, n* = 0.13). Post-hoc analyzes with a Bonferroni adjustment revealed a
statistically significant difference between closing the eyes and the control condition (p = .02).

In summary, we found that the eye exercise and closing the eyes treatments reduced DES symp-
toms compared to the control condition, particularly shown for the symptom means M,;; and M.
We were able to show this for the immediate and the extended measure time points.

The analysis of the objective measures will also focus on potential immediate (Dif(Q,—Q;) and
extended (Dif(Q;—Q;) effect of the treatment method. We recorded pupil size and blink data of
both eyes of the participants. In each frame, the eye tracker assigns a confidence value ¢ € [0 : 1]
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to the data to indicate the quality of detection. Pupil Labs recommends to use data with ¢ > 0.6.1°
However, we chose a value of ¢ > 0.8 as an indicator of good quality data based on previous expe-
rience with the eye tracker. We had to exclude several time segments (>5 seconds) per participant
from evaluation due to confidence values being constantly below 0.8. For the statistical analysis
of the immediate Dif(Q;—Q;) and the extended effect Dif(Q;—Q;), we only included participants
that had no missing time segments in Qy, Q,, and Qs, which resulted in a number of 11 participants.
For the analysis of pupil size values, we cut off the first 5 seconds from the 20-second segments
at each time point to exclude the pupil’s adaptation phase to changing lighting conditions. We
interpolated missing values by calculating the mean of the two values before and after a missing
value.

We followed Klingner’s approach of baseline subtraction for pupil size normalization [54]. We
took pupil size values at Q; as the baseline, as we were interested in whether pupil size values
at Q, and Qs changed in relation to those directly after the task. Pupil size during the segments
Q, and Qs was then normalized by subtracting the baseline mean from each value. The values
were then averaged over the whole time frame of 15 seconds per participant and time segment.
We compared baseline-corrected pupil size values of the different conditions using a repeated-
measures ANOVA with one factor (treatment). The tests we report in the following were conducted
for the participants’ left eyes since we had better confidence values for the left than for the right
eye.

For the immediate effect of the exercises (Dif(Q,—Q;)), we found an effect of treatment on pupil
size changes (F(2,28) = 14.23, p < .001, n? = 0.5). A post-hoc t-test with Bonferroni correction
revealed that pupil size was significantly smaller for close eyes (CE) than for eye exercises (EE)
(Mcg = —6.02, SDcg = 1.84, Mgg = 1.1, SDgg = 1.98, p < .001) and the control condition (CC)
(Mcc = 1.13, SDce = 1.12, p = .003). We did not find an extended effect (Dif(Qs—Q;)) of the
treatment methods on pupil size.

For blinking data, we chose a different data processing procedure than for pupil size, as these
values depend significantly more on the confidence values of the tracker. A low confidence value is
interpreted as a closed eye. As such, a blink is detected when the confidence value drops below the
threshold for the duration of the filter length. An interpolation for missing values is complicated.
For a highly fluctuating confidence value, it is difficult to differentiate whether the data quality
of the trial was poor or the person blinked a lot. Therefore, we decided to manually label the
blinking data by applying a binary decision (blink yes/no). A Friedman test did not reveal an effect
of treatment on blinking data for an immediate (Dif(Q,—Q1)) or extended effect (Dif(Q;—Q;)). We
further analyzed a possible decrease in blink rate during the study, which we did not find.

4.2.6  Discussion. We conducted two user studies to evaluate the effectiveness of eye exercises
and to determine the frequency and duration of this potential treatment method. In the first user
study on eye exercises, we analyzed single eye exercises when applied with high frequency and
low duration. In the second user study on eye exercises, we analyzed the effect of a set of five
eye exercises when applied only once (low frequency) and for a long duration. Similar to previous
studies [58, 71, 84] and the blue light study, we found that DES symptoms increased significantly
over 25 minutes in both studies, which confirms that users already experience DES after a short
time of usage. Furthermore, we found that external and internal symptoms increased significantly
in both studies. In the second user study, external symptoms increased more severely than internal
ones, which stands in contrast to studies suggesting that VR-HMDs dominantly cause internal DES
symptoms [103]. These observations could be attributed to the VR task (reading), which probably

16Pupil Labs: https://docs.pupil-labs.com/core/software/pupil-player, last retrieved: April 27, 2021.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.


https://docs.pupil-labs.com/core/software/pupil-player

Digital Eye Strain in Virtual Reality Head-Mounted Displays 33:35

increased irritation of the ocular surface and, therefore, caused an increase in external symptoms.
The results further show that symptoms have occurred consistently over 10 (user study 2) and
three (user study 3) days.

On Eye Exercises of Short Duration and High Frequency. In the first user study, we could not
find effects between different eye exercises when assessed with the symptom severity scale. How-
ever, when directly asking the participants whether the eye exercises felt straining or relieving
directly after each condition, we found that closing the eyes had a statistically significant positive
effect on participants’ eyes. As we did not find such an effect with the symptom severity scale and
the items that were assessed during the application, we discuss two potential interpretations. On
one hand, the effect could be justified by the different rating scales. The post-exposure questions
were assessed on a 7-point Likert scale, reaching from strongly disagree to strongly agree, while the
questions that were assessed during the experiment were assessed on a 7-point symptom severity
scale, reaching from no problem to very severe problem. The different results indicate that the Likert
scale is either easier for participants to assess or is more sensitive to detect an effect. This would
be somewhat surprising, as discomfort is usually assessed with unipolar scales [39], similar to the
symptom severity scale that we used. Likert scales are bipolar scales, and our results indicate that
they might be better to assess symptoms of discomfort with regards to the users’ eyes. However,
we also have to consider that in the post-experiment questionnaire, we did not ask for the rating
of symptoms but the perceived effect of coping strategies. Therefore, such a rating scale can only
be applied to these specific cases. Another interpretation of the effect could be that the Likert scale
was more sensitive in detecting an effect in comparison to the symptoms severity scale. This is,
however, unlikely, as the severity scale presents seven items of one direction, and the Likert scale
presents only three items for each direction, which could indicate that seven points are too little
to assess an effect in symptomatology.

Another explanation for why we could not detect a difference between the eye exercises could be
that participants did not correctly perform the eye exercises. However, as the vast majority agreed
that all of the exercises were easy to perform and that they even had fun doing the exercises, this
is rather unlikely (see “It was easy to perform the eye exercise”). In the subjective ratings about the
eye exercises, participants’ answers were somewhat mixed. Some had strong positive or negative
opinions about the effect of the strategies, while others rated them as neutral. We could observe
these differences in evaluation for all of the eye exercises, even for E4 (saccades) and E7 (static
fixation)—although it is known that large saccades and prolonged fixation duration can cause eye
strain [6]. When asked whether participants would prefer to close their eyes over doing the exer-
cise, similarly, about half of the participants agreed to the statement, and the other half disagreed.
Interestingly, in particular, for this point, there were very few neutral answers. In summary, these
subjective results suggest that participants not only experience DES differently but also perceive
eye exercises to alleviate it in different ways. This might indicate the existence of different sus-
ceptibility groups. If these differences in susceptibility exist, this could be an explanation for why
the eye exercises were rated in different ways, as they were only beneficial for participants who
experienced symptoms.

On Eye Exercises of Long Duration and Low Frequency. In contrast to the first user study on eye
exercises, in the second user study, we found a positive effect of both eye exercises and closing the
eyes on the perceived severity of DES symptoms in comparison to the control condition. We found
that eye exercises effectively reduce overall and specifically external symptoms when measured
immediately after their application. The positive effect of eye exercises on external symptoms even
persists after a second straining VR task is applied. Closing the eyes affects overall symptoms,
external and internal symptoms positively when measured immediately after application. It also
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has an extended effect on the overall and external symptoms of DES. In summary, when applied for
2:30 minutes directly after the straining VR experience, eye exercises effectively reduce overall DES
symptoms. Furthermore, both eye exercises and closing the eyes seem to be effective for external
symptoms related to the irritations of the ocular surface of the eye (burning, irritation, and dryness).
This is even though only one of five eye exercises (periodic blinking) was specifically designed
to reduce external symptoms. Therefore, we assume that the proposed eye exercises cannot be
assigned exclusively to one category of symptoms each, but rather that they have a more general
effect on participants’ experience of DES.

While we could observe effects for the subjective results, for the objective measures, we only
observed a decrease in pupil size from baseline level for the close eyes condition in comparison to
eye exercises and the control condition. A decrease in pupil size was reported as an indicator of
eye strain [42]. However, we found a reduction of symptoms after closing the eyes for all symp-
tom factors. Therefore, we assume that a lower cognitive load after closing the eyes than the eye
exercises and the word search task [92] or a prolonged phase of pupil size adaption to the back-
ground after opening the eyes [100] is the reason. In comparison to the first user study on eye
exercises, we conclude that eye exercises and closing the eyes effectively reduce DES when being
applied for a longer time period. This speaks for integration of eye exercises (including closing the
eyes) into VR experiences either by integrating the mechanism constantly into user interfaces or
by integrating them as breaks, e.g., during loading screens or similar.

On the Internal Consistency of the Symptom Means. We summarized the single symptoms to four
symptom means for all three user studies and analyzed the internal consistency of the mean values
with Cronbach’s alpha. In general, we found acceptable (>0.7) to good (>0.8) internal consistency
values for the four symptom means in all three studies, indicating that the symptoms that we
grouped as external, internal, or VR-specific show a meaningful correlation. Overall, the internal
consistency was lower for internal symptoms than for external ones, which coincides with Sheedy
et al’s findings on weaker correlations for their internal symptoms [86]. We had only one poor
value of 0.51 for the VR-specific symptom mean in the blue light study. However, for the other
two user studies, the a-value for the VR-specific was acceptable and good. This shows that the
symptoms blurred vision, difficulty focusing, double vision, and sensitivity to bright light reflect well
on a common underlying construct. We labeled this construct as VR-specific in our studies. How-
ever, as we have not investigated specific inducing conditions and related them to the symptom
means, we can only hypothesize that these symptoms reflect on a VR-specific factor. Overall the
a-values were lowest for the blue light study and highest for the study on eye exercises that par-
ticipants conducted at their homes. The generally lower values of internal consistency for the blue
light study could indicate that participants who are recruited using an online platform might be
less careful in selecting the adequate value on the rating scales.

5 ANALYSING DES IN VR HMD USERS
5.1 Analysis of Influence Factors on DES in VR-HMDs

We found a high variability of DES scores among participants in all three user studies presented in
this article. Some participants seemed not to experience even slight symptoms even after continu-
ous use, while others experienced severe symptoms already after a short usage duration. The on-
line survey results confirm these findings: Some respondents mentioned not being affected, while
others experienced severe symptoms very frequently when they used their device. These obser-
vations indicate differences in susceptibility to DES, i.e., the existence of groups of users, some of
which experience symptoms stronger than others. Previous work made similar observations while
studying simulator sickness, which is related to DES as another form of discomfort in VR [39].
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Fig. 16. We calculated one absolute and one relative mean value for all participants of the three user studies,
sorted by user study and relative symptom mean. For the blue light study, the mean value was calculated as
the mean value of all measurement time points averaged over all three conditions. For the two user studies
on eye exercises, we calculated a mean value of the 11 DES symptoms averaged over all conditions and
measurement time points.

Several studies have confirmed that different people experience simulator sickness to different ex-
tents [84]. These differences have often been attributed to sex as one decisive influence factor [33],
and several studies found that women seem to experience simulator sickness more severely than
men [3, 8, 34]. However, others suggest that these differences in sickness should be attributed to
susceptibility rather than sex [21]. We performed additional analyzes on our user study data to
gain more clarity on both potential influence factors on DES.

5.1.1 Data Preparation. First, we calculated two mean DES scores for each participant of all
three user studies: one absolute DES score (M,) and one relative DES score (M,). We only con-
sidered the within-experiment measures, as we did not gather post-experiment measures in the
second eye exercise user study. For the blue light study, we calculated M, as the mean of all single-
item DES measurements Qp—Q19, while M, is the mean of the relative DES scores per participant
Q1 — Qo—010 — Qo. To conduct the process equally across all three user studies, we chose to use
always the first value (Qp) as the baseline. For the first user study on eye exercises, we calculated
M, as the mean value of all 11 single symptoms, averaged across all measurement time points Qp—
Q4. For M, we first calculated a relative values separately for each of the 11 symptoms. Then the
mean values of all symptoms at Qp were subtracted from the measurements at Q;-Qy, separately
for each participant. For the second user study on eye exercises, M, was calculated similarly to the
first user study on eye exercises, i.e., the 11 symptoms were averaged to one absolute mean value
for each participant. We calculated M, by first subtracting the value at Qo from every value Q;-Qs
for each of the 11 symptoms. Afterward, a mean of all relative symptom means was calculated.
The mean values for each participant are presented in Figure 16.
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Table 11. Summary Statistics of the Absolute and Relative Symptom Means for All Participants
of All Three User Studies

Susceptibility Sex Experiment N Variable Mean SD Variable Mean SD
high f blue light study 7 M, 215  0.61 M, 1.48  0.34
high f 15! eye exercise study 1 M, 1.99 N/A M, 031 N/A
high f 2" eye exercise study 5 M, 224 048 M, 0.92 0.75
low f blue light study 7 Mg 0.68 048 M, 045 0.30
low f 15! eye exercise study 7 M, 0.85 0.29 M, 0.31  0.17
low f 2" eye exercise study 2 M, 119 015 M, 0.27 034
high m  blue light study 7 M, 1.90 048 M, 138 045
high m 1% eye exercise study 2 M, 1.58  0.10 M, 0.80  0.26
high m 2" eye exercise study 6 M, 2.06 054 M, 1.04 0.52
low m  blue light study 7 M, 049 043 M, 0.30  0.50
low m 15! eye exercise study 14 M, 044 025 M, 0.16 0.24
low m 2" eye exercise study 6 M, 113 037 M, 042 0.24

5.1.2  K-means Clustering. To determine whether susceptibility differences in the data could be
categorized into distinct groups, we performed a cluster analysis using k-means clustering. Input to
the clustering were the absolute and relative symptom mean values, i.e., two values per participant.
To optimise its key parameter k—the number of clusters—we used the NbClust R package.!” The
package calculates 30 measures to determine the optimal k. As the similarity measure we used the
Euclidean distance of these mean values. The majority of the indices (8) suggested using a cluster
size of two. Therefore, we performed a k-means cluster analysis with two clusters, resulting in
clusters with sizes of 28 and 43 with the within-cluster sum of squares of 33.09 and 22.42 and a
between-cluster sum of square of 84.48. The distribution of participants to the susceptibility cluster
is shown in Figure 16 (color). We found a mean absolute symptom score of M, = 2.04,SD = 0.50 for
the high susceptibility group, and a mean absolute symptom score of M, = 0.69, SD = 0.42 for the
low susceptibility group. For the relative symptom score, we found a mean of M, = 1.17,5D = 0.54
for the high, and a mean of M, = 0.30,SD = 0.30 for the low susceptibility group. In Table 11,
we show a summary of the absolute and relative symptom scores. We found that 13 women and
16 men were categorized to the high-susceptible group, and 16 women and 27 men to the low-
susceptible group. For the blue light user study, half of the participants (14) were categorized as low-
susceptible, and half (14) as high-susceptible. The distribution for the two eye exercise studies was
different. The first eye exercise study had 3 high-susceptible and 21 low-susceptible participants,
and the second eye exercise study had 11 high-susceptible and 8 low-susceptible participants.

5.1.3 Three-way ANOVA. We determined the potential influence factors of sex, susceptibility
group, and user study on DES mean values. We added the factor user study to the analysis, as
potential differences in DES scores could be heavily influenced by the user study. On one hand, this
could occur because the mean values for the participants of the three user studies were calculated
differently. For the blue light study, the mean values were calculated based on one single item
only, whereas they were calculated as a mean of 11 symptoms for the eye exercise user studies. On
the other hand, although the experiments were similar in setup and duration, they differed in VR
experience and rating scale. Summary statistics of the mean values are shown in Table 11.

We calculated a three-way ANOVA with three factors (levels are indicated in brackets) sex
(1), susceptibility group (2), and experiment (3) and the dependent variables M, and M,. We

"RDocumentation NbClust: https://www.rdocumentation.org/packages/NbClust/versions/3.0/topics/NbClust, last re-
trieved: April 11, 2021.
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Table 12. Summary Statistics of the Absolute and Relative Symptom Mean for Each Factor and Group

Susceptibility Sex Experiment N Variable Mean SD Variable Mean SD

high - - 28 M, 2.04 0.50 M, 1.17 0.54
low - - 43 M, 0.69 0.42 M, 0.30 0.30
- f - 29 M, 1.42 0.82 M, 0.73 0.61
- m - 42 M, 1.08 0.78 M, 0.58 0.59
- - blue light study 28 M, 1.31 0.88 M, 0.90 0.66
- - 1% eye exercise study 24 M, 0.72 0.50 M, 0.26 0.27
- - 2" eye exercise study 19 M, 1.72 0.66 M, 0.73 0.57

Fig. 17. Results of the three-way ANOVA for the absolute and relative symptom means of all participants.
The three factors were sex (female, male), susceptibility (high, low), and user study (blue light user study
(user study 1), 15¢ eye exercise user study (user study 2), 2" eye exercise user study (user study 3).

checked the normality assumption by analyzing the residuals. We did not find a violation of this
assumption by inspecting the QQ plots, where all points lay approximately on the reference line
for both dependent variables M, and M,. This is supported by a non-significant Shapiro-Wilk
normality test (Mz: W = 0.99,p = .73 and M,: W = 0.98,p = .30). To test the assumption of
homogenity of variances, we performed a Levene’s test, which indicated that there is no violation
of this assumption (M,: F(11,59) = 1.09,p = .39 and M,: F(11,59) = 1.42,p = .19). The 3-way
ANOVA revealed a statistically significant small effect of sex (F(1,59) = 6.23,p = .02, etaé =.1),
a large effect of susceptibility group (F(1,59) = 120.25,p < .01, etag = 0.67), and a small effect of
experiment (F(2,59) = 5.74,p < .01, eta; = 0.16) on the absolute DES symptom mean M,. For the
relative DES symptom mean M,, we found a statistically significant medium effect of susceptibility
group (F(1,59) = 60.32,p < .01, eta; = 0.51) and a small effect of experiment (F(2,59) = 4.55,p =
.045, etaf} = 0.13). Boxplots of the results are shown in Figure 17.

For the factor user study, we conducted pairwise comparisons using a Wilcoxon test with
Bonferroni correction. This test showed that there was a statistically significant difference between
the blue light study and the first user study (p = .05) and between the first and the second user
study (p < .01). The summary statistics for each factor are shown in Table 12.

5.1.4 Discussion.

On the Factors Sex and Susceptibility as Influences on DES. This analysis shows that the suscep-
tibility to DES has a strong effect on DES symptoms. The effect of the factor susceptibility seems
to be even stronger than the factor sex. Yet, women seem to be slightly more susceptible to experi-
encing more severe DES symptoms than men, as 45% of the female participants were attributed to
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the high, and 55% to the low susceptibility group (Np;gn = 13, Njo., = 16). For men, this was slightly
different, with 37% of male participants belonging to the high, and 63% to the low susceptibility
group (Npigh=15, Njo,, = 26). However, it has to be considered that our overall sample was unbal-
anced with 41% female and 59% male participants. As the allocation to a cluster was performed
on the basis of all participants, the results might be skewed toward male participants. Both the ab-
solute and the relative DES symptoms were more severe for women than for men. However, this
difference was only significant for the absolute DES symptom means. Our results indicate that the
severity of symptoms varies between sexes, but that this effect is rather small. This is supported
by the small effect size for the difference of the absolute values.

Furthermore, prior studies typically only reported pre vs. post-exposure values instead of dif-
ferences in sensitivity of participants [63, 102]. For instance, Sharples et al. reported that 60-70%
of their participants experienced an increase in symptoms over a time period of 30 minutes, but
did not discuss differences between different groups of participants [84]. Our results suggest that
especially the differences between susceptibility groups should be investigated in future works.

On the Factor User Study as Influence on DES. The statistically significant difference between the
mean values of the three user studies (except the blue light study and the second user study on eye
exercises) could be attributed to several factors. First, we used three different rating scales to assess
symptoms, although, in all studies, we measured symptoms with 7-point scales. For the blue light
user study, we used a rating scale ranging from nothing at all to very severe, asking participants
to indicate how strong their perception of DES symptoms is right now. In the first user study on
eye exercises, we asked participants to rate how strongly they perceived each symptom, using
a scale ranging from no problem to very severe problem. Lastly, in the second user study on eye
exercises, we used a scale ranging from no discomfort to very severe discomfort. While all three
scales are unipolar scales grounded in 0 as not experiencing any symptoms and 6 experiencing
very severe symptoms, the different labels and expressions might have contributed to differences
in results. In addition to different rating scales, we also had two different VR experiences, which
could have had an effect on DES symptoms. However, this is contradicted by the fact that there was
a significant difference between the two user studies on eye exercises in which we used the same
task. Furthermore, the different devices could have caused an effect on DES symptoms. Symptoms
were lower with the Oculus Go headset (used in the first user study on eye exercises) compared to
the Oculus Quest headset (used in the blue light study) and the HTC Vive (used in the second user
study on eye exercises). Lastly, we conducted the three user studies in three different environments.
While the blue light study and the first study on eye exercises were performed by participants in
their homes, the second user study on eye exercises was conducted at a university. However, it
is unlikely that the environment (being at home or not) had an effect on DES symptoms, as we
observed differences in DES symptoms in the two studies that were conducted at home (blue light
study and first study on eye exercises). Finally, as we aggregated the values per participant to one
mean DES value for each participant, we might have lost a considerable amount of variance of the
data. Yet, our work only lays the ground for a deeper analysis of different factors on DES across
studies.

In general, the different distribution of high/low-susceptible participants across the three user
studies is highly interesting. While in the blue light study, we found 50% high and 50% low-
susceptible participants, the distribution was at 13%/87% for the first and 58%/42% for the second
eye exercise study. In particular, the difference in the first eye exercise study stands out. Interest-
ingly, this trend is reversed to what we would expect due to a habituation effect, as the sample in
the blue light study was more experienced with VR-HMDs than the ones in the eye exercise stud-
ies. One reason could be that in the first eye exercise study, the sample contained proportionally
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more men than women compared to the other studies. This, however, cannot entirely explain the
big difference. We rather suspect that, by chance, we had more low-susceptible people in the sam-
ple than high-susceptible ones. Nonetheless, these outcomes underline the need for more future
studies in this direction. Furthermore, the high number of low-susceptible participants in the first
eye tracking study could explain why we could not observe significant differences between the
eye exercises. With more high-susceptible participants in the second user study on eye exercises,
the effect of these might just have been more observable as more participants experienced it.

5.2 Limitations and Key Challenges for Future Work

Key Challenge 1. Acknowledging DES as an important problem in VR HMDs and integrating its
assessment in the evaluation of new VR-HMD experiences.

The results of the survey and user studies highlight that DES is a frequently occurring problem
among VR-HMD users. Yet, compared to other forms of discomfort in VR-HMDs, such as simulator
sickness, it is currently largely overlooked in the evaluation of new VR experiences [39]. With the
increasing amount of research on VR-HMDs in the field of human-computer interaction (HCI)
over the last years [37] and rising consumer adoption, DES will become increasingly important
to VR-HMD researchers and users. As a first step to address the problem, researchers have to ac-
knowledge its importance and, consequently, integrate its assessment in the evaluation catalog of
new VR-HMD experiences and devices. Therefore, we suggest that DES should become a separate
metric for evaluating future VR experiences and devices. While we understand that it may not be
relevant for all VR experiences, its assessment should especially be considered in evaluating expe-
riences that contain several straining factors, such as bright colors, high contrasts, or that require
many unnatural eye movements.

Key Challenge 2. Investigating techniques to alleviate and prevent the problem of DES in VR
HMDs.

In this article, we showed how potential alleviation techniques could be designed, implemented,
and evaluated. While we focused on alleviating DES symptoms, the results of our second eye
exercise study suggest that they could have an extended effect and thus potentially be used to
prevent DES, too. A key challenge of future work will be to design both alleviation techniques but
also prevention techniques.

Key Challenge 3. Developing alleviation and prevention techniques that are integrated into the
VR experience.

It is not only important to investigate effective alleviation techniques but also to design them
in a way that users want to apply them and do not feel disturbed by them in their VR experience.
Based on the results of the eye exercise user studies, we propose some concepts for integrating
alleviation techniques to reduce DES in VR-HMDs. Closing the eyes provides a fast and straightfor-
ward way to alleviate subjective DES in HMDs. One shortcoming is that it interrupts the users in
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their VR experience. In contrast, eye exercises can be more fluently integrated into the VR experi-
ence, being short VR experiences themselves. However, their effectiveness is of shorter duration
than closing the eyes. The integration of coping strategies into VR usage does not have to be a
unique solution. Rather the combination of different solution approaches could lead to an overall
more comfortable VR experience with a variety of techniques to address DES. In its simplest form,
this can be a reminder to close the eyes for some time period, which would pose a VR pendant
to the well-being functionalities integrated into smartphones that remind the user to take pauses.
However, integrated eye exercises can be used even beyond this explicit way of asking the user to
perform a task. Some eye exercises are designed around simple objects leading the user’s gaze. This
can easily be implicitly integrated into user interface elements (e.g., buttons that follow a similar
motion) or even game mechanics (e.g., enemies flying toward the user). This could subconsciously
trigger the necessary eye motions for the user and implicitly reduce DES in VR-HMDs. These
could be fluently integrated into interface design with the user setting frequency and duration of
occurrence. In a combined solution, integrated eye exercises that are constantly present during a
VR experience could be used to mitigate symptoms at short notice, while an additional reminder
suggests users close their eyes every 30 minutes of usage to reduce extended effects. In summary,
alleviation techniques should be used complementary, leading to an overall more comfortable and
less straining VR experience.

Key Challenge 4. Considering a person’s susceptibility to DES in the design of new alleviation
and prevention techniques.

DES is a problem that increases over time and does not occur in a similar manner for all users.
Some users experience strong symptoms shortly after initiating a new VR experience, while others
experience symptoms only after a prolonged time of use. Designers should, therefore, think of
alternative solutions for straining tasks according to the individual needs of users. Whereas for a
person that is not particularly sensitive to DES, an (eye-based) interaction strategy might not have
negative effects on their user experience or cause more symptoms, the same technique, when
applied by a high-sensitivity person might worsen their experience significantly by leading to
an increase in symptoms. This is already compensated for in simulator sickness, where users get
the option to either use smooth locomotion (for people that do not experience simulator sickness
strongly) or teleportation (for people that experience more simulator sickness). In a similar fashion,
alternatives for different types of users should be implemented for HMDs.

Key Challenge 5. Considering that unnatural gaze behavior might worsen DES in the design of
explicit gaze-based interaction techniques.

Our findings are particularly important for the design of new gaze-based interaction tech-
niques for VR-HMD experiences. In particular, with eye tracking being increasingly integrated into
VR-HMDs, it should be investigated carefully whether potential eye-based interaction techniques
pose significant additional strain to users’ eyes. It was shown that prolonged fixation duration
and many large saccades could increase DES [38]. Therefore, it should be avoided to include
these eye movements in eye-based interaction strategies. On the other hand, eye-based interaction
techniques could specifically be designed to alleviate DES symptoms. Our eye exercises are one
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example of an interaction technique that aims at reducing DES actively. Other eye-based interac-
tion techniques could be invented that passively cause less DES. In the design of eye-based interac-
tion techniques, we should consider that inducing unnatural gaze behavior can both increase and
reduce DES. For example, while it may be beneficial to users to rest their gaze on an interactive
element for a while when exposed to a reading task (as applied in our study), in other cases, where
the interaction relies on prolonged fixation duration, dynamic eye movements can be used to alle-
viate strain. Therefore, it is important to study the effects of different eye movements in different
contexts.

Key Challenge 6. Finding a good trade-off between detailed symptomatology and high temporal
resolution when measuring DES in VR-HMDs.

In our studies, we ran a two-track model to measure DES by collecting complete questionnaires
and single items of DES. Using this strategy, we could obtain detailed answers about users’ symp-
tomatology using a complete questionnaire directly after the exposure, but also a high temporal
resolution using a single item of DES during the exposure. While in the eye exercise studies, we
measured 11 symptoms of DES during the conditions, in the blue light study, we only measured
one summary DES item during the exposure. While we hoped to get more detailed insights using
the complete set of symptoms during the exposure in the eye exercise studies, we found that it
is more beneficial if participants have to answer only one single item question repeatedly. There-
fore, we recommend the following strategy to obtain DES symptoms in VR experience: measuring
detailed symptomatology of DES after the exposure and focus on high temporal resolution when
measuring DES during the exposure by applying one single item repeatedly. The drawback of this
technique is that users have to be interrupted in their experience to measure symptoms. In the
blue light study, we designed the VR experiences in a way that the measurement can be integrated
between levels. However, this might not always be possible, e.g., if the VR experience cannot be
subdivided into several levels. Therefore, passive or objective measures would be helpful to mea-
sure DES. Although literature showed that DES could be measured objectively by eye tracking
metrics, [97], we could not observe effects for objective measures in our second user study on
eye exercises. One reason for this might be that we could not constantly receive high-quality data
from the eye tracker, or that, despite works that have used eye tracking to detect DES objectively
[30, 73, 89], more specific optometric measures are needed. The measurement of objective DES
indicators also remains a challenge, as gaze metrics, such as pupil size or blink rate, are closely
coupled to cognitive and affective responses [70, 92] and can only be applied in settings that are
specifically tailored to measure DES [97], but do not necessarily reflect on natural usage behavior.

Key Challenge 7. Developing a suitable rating scale to assess the range of severity of symptoms
that is relevant to users and researchers.

The rating scale that reflects users’ current state of symptoms best remains an open question.
In our three user studies, we used 7-point symptom severity scales anchored in the value of 0 that
indicates that users are not experiencing any symptoms. The maximum of the scales was labeled
as experiencing very severe symptoms or discomfort. However, it is questionable whether this type
of scale covers the relevant symptom range for VR researchers in sufficient detail. In designing VR
experiences, we have to ask ourselves what the threshold is that we consider an acceptable value
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of DES. In our investigations on DES, we experienced that users are in general affected, but rarely
in a very severe way. Therefore, it might be beneficial to change the maximum pole of the rating
scale to a lower value, such as “moderate”, which is already considered an intensity that we do not
want users to experience after a 25-minute exposure to a VR-HMD. This would then allow a more
finely granular scale, with more levels in the lower intensity ranges, which would provide a more
detailed picture of the perceived DES symptoms.

Key Challenge 8. Investigating further influence factors that drive DES in VR-HMDs, including
a more detailed investigation into the factor susceptibility.

In our final analysis, we found two influence factors (sex and susceptibility) that particularly
drive DES in VR-HMDs. With our analysis, we showed that these factors are indeed distinct for
DES, while previous works have suggested that they are related to each other for simulator sick-
ness [21, 33]. Yet, we have to consider that our analysis was conducted on a set of three different
user studies and that we had a sample with more men (59%) than women (41%). Furthermore, the
distinction of participants into two groups was based on the k-means clustering algorithm that
was performed on the same set of participants. To achieve a more generic statement on suscepti-
bility, we should investigate whether this distinction can be made for a larger set of participants
and whether participants that are not part of the “definition set” can also be classified as high or
low-susceptible. Furthermore, future work has to investigate whether the definition of suscepti-
bility can be determined based on an absolute value (e.g., the CVS-Q suggests a value of six with
which users are classified as suffering from the CVS [28]). For now, we did not determine suscep-
tibility based on one specific value but divided the set of participants into two sets based on their
averaged absolute and relative DES scores. However, this separation is not final, and it remains an
open question whether participants can be grouped into more than two susceptibility groups. Re-
searchers should be aware of the two factors, sex and susceptibility, in their sample, as this could
heavily influence the effect of potential alleviation techniques (e.g., when having a sample that
is in general low-susceptible, the effects of potential alleviation techniques would be difficult to
reveal).

As we discuss in Section 5.1.4, we expect that there are more factors that can have an influence
on DES in VR-HMDs that are not yet revealed completely. It seems obvious that these include the
task or type of experience. While we know that reading, for instance, worsens DES [25, 86], further
investigations are needed to determine VR-specific influence factors. The majority of articles that
investigate influence factors on DES during natural behavior were conducted with conventional
computer displays. However, in contrast to VR-HMDs, these displays do not cover the entire field
of view. For example, it could be possible that factors such as movement in the periphery during
first-person shooter games in VR might affect DES by causing more saccades to the outer field of
view. Such VR-specific factors are currently unknown. Finally, ranking different influence factors
is a fundamental challenge for future work to focus research efforts on the most important ones.

Key Challenge 9. Investigating DES effects that occur after repeated exposure, long-term usage,
or longer time periods of use.
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VR-HMDs have only started to enter the consumer market, and studies with VR-HMDs are typi-
cally conducted in laboratory settings, with users being exposed to the technology only a few times
and for a limited time period. With our first study on eye exercises, we exposed the participants to
the devices repeatedly over a period of 10 days. While significantly longer than previous studies
[58, 72, 84], this still only provides a glimpse into natural use of the device in private life (repeated
exposures for weeks, months, or even years). Furthermore, while this study was conducted with
users at home, the application that they had to play was a given study application. Further studies
with users at home have to be conducted to gain insights into the symptomatology of users during
natural behavior. We gained a generic overview of these symptoms with our survey, but more de-
tailed insights should be further investigated. In all three user studies, we found that the severity of
DES symptoms increased significantly over the 25 minutes of exposure. We do currently not know
how a repeated experience of these symptoms over a longer time period of using the devices might
impact users. It is important to investigate whether repeated exposure leads to a habituation effect
and users would stop feeling symptoms after a certain time period of using the device. On the
other hand, it could well be that symptoms get stronger over time when being repeatedly exposed
to the technology.

Furthermore, long-term effects are currently unknown. VR-HMDs have only started to being
used in an every-day fashion. Similar to long-term effects of smartphones, where long-term usage
is associated with changes in refractive error [32], similar effects could occur with VR-HMDs,
especially as they are put even closer to the eyes.

Lastly, DES symptoms have typically been tested for a limited amount of time (around 30 min-
utes). Using the devices for longer time periods might change the experience of symptoms from
temporal to consistent. Overall, the wider distribution of the devices to consumer users gives us
the opportunity and responsibility to conduct such long-term investigations in the near future.

Key Challenge 10. Investigating the relationship of DES to other usability metrics in VR, such
as presence or enjoyment.

The experience of DES in VR-HMDs might have influences on other usability metrics of VR-
HMDs, such as presence or enjoyment. For example, the literature suggests that simulator sick-
ness and presence are negatively correlated [48]. Similar investigations have not been conducted
for DES. In our studies, we could not observe statistically significant differences in presence or
enjoyment values between the conditions. However, we did not specifically aim at investigating
such an effect, and, therefore, our study designs were not tailored toward investigating this re-
lation. Such a relationship would have important impacts on study designs. For instance, more
severe symptoms of DES might distract users from feeling present in the virtual environment. On
the other hand, an increased feeling of presence might lead to a decrease in the perception of
symptoms, and we have to investigate whether this would be desirable.

6 CONCLUSION

In this work, we presented the first comprehensive investigation into DES in VR-HMDs. We pre-
sented the results of an online survey with 68 experienced VR-HMD users, revealing details about
symptomatology. The lack of integrated solutions, as reported by the online survey respondents,
motivated us to design and evaluate two alleviation approaches in three user studies (N = 71). Blue
light filtering, being the first approach, did not show a positive effect on DES symptoms. However,
eye exercises, when applied for a duration of 2:30 minutes, effectively reduced DES symptoms.
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Furthermore, we conducted an analysis of all three user studies, which revealed sex and suscepti-
bility as two important factors that drive DES in VR-HMDs. Lastly, we summarized the findings
of these three parts (understanding, addressing, and analyzing) into 10 key challenges for future
research on DES in VR-HMDs. Most importantly, DES has to be acknowledged as a severe prob-
lem in VR-HMD use by the research community. We, therefore, argue that DES should become an
essential part of evaluating VR-HMD devices and experiences.

APPENDICES
A UNDERSTANDING DES IN VR-HMD USERS: ONLINE SURVEY QUESTIONNAIRE
A.1 Demographics

Question 1: How old are you?
Question 2: To which gender identity do you most identify?
— Woman
— Man
— Non-binary
— Prefer not to disclose
— Prefer to self-describe
Question 3: What is the highest degree or level of school you have completed?
— No schooling completed
— High school degree or equivalent
— Bachelor’s degree (e.g. BA, BS)
— Master’s degree (e.g. MA, MS, MEd)
— Doctorate (e.g. PhD, EdD)
Question 4: Are you currently...?
— Employed for wages
— Self-employed
— Unemployed
— Homemaker
— Student
— Retired
— Unable to work

A.2 Devices and Usage

Question 1: Do you own or use a VR headset regularly (once a week or more often)?
— I've used a VR headset regularly in the past, but not at the moment
— D've tried VR, but never used a headset regularly
— No, I've never used a VR headset
Question 2: Which of the following VR headsets do you use regularly (i.e., once a week or more
often)? If you use more than one headset, please select the one you use most often.
— Google Carboard
— Samsung Gear VR
— Oculus Go
— Sony PlayStationVR
— Google Daydream View
— HTC Vive, HTC Vive Pro, HTC Vive Focus, or HTC Vive Pro Eye
— Oculus Rift, Oculus Rift S, or Oculus Rift (DK1/DK2)
— Oculus Quest
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— Valve Index
— Samsung Odyssey
— Nintendo Labo VR
Question 3: How often do you use the VR headset?
— several times a day
— once a day
— once or twice a week
— once a week

Question 4: For how long have you actively been using the VR headset regularly (i.e., once a

week or more often)?

— less than 1 month

— 1-6 months

— 6-12 months

— 2 years

— more than 2 years
Question 5: For how long do you usually use the VR headset in one session?

— less than 30 minutes

— 30-60 minutes

— 1-2 hours

— 2-3 hours

— more than 3 hours

Question 6: In the following please indicate how often you usually interrupt a VR session in one
hour (i.e., taking off the headset)...

Question 7: Visual discomfort hereby refers to symptoms affecting the eyes due to the exposure
to digital screens. Symptoms include blurred vision, pain around the eyes, headache, or dry
eyes. Simulator Sickness is a form of motion sickness occurring in VR. Symptoms include
nausea, vomiting, sweating, headaches, uneasiness, drowsiness, and disorientation.

never once twice 3times 4 times 5times more often

... in general? ) o ) o ) ) o
... due to symptoms of visual discomfort? 0 o 0 o o 0 o
... due to symptoms of simulator sickness? o o o o o o o
... due to symptoms of general discomfort? 0 o 0 o 0 0 o
...other (e.g., to use the smartphone,

) o ) o 0 ) o

to go to the bathroom)

Question 8: Please enter a number for how often you interrupt a VR session in general.
Question 9: Please enter a number for how often you interrupt a VR session due to symptoms of
visual discomfort.

Question 10: Please enter a number for how often you interrupt a VR session due to symptoms
of simulator sickness.

Question 11: Please enter a number for how often you interrupt a VR session due to symptoms
of general discomfort.

Question 12: When did you last use the VR headset?
— just now (a few minutes ago)
— recently (a few hours ago)
— yesterday
— days ago
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— weeks ago
— months ago
Question 13: Do you have a VR headset that allows for adjusting the interpupillary distance (e.g.,
hardware slider or software based)?
Question 14: Interpupillary distance refers to the distance between the centers of the pupils of
the eyes.
— yes
— 1no
— Idon’t know
Question 15: How often do you adjust the interpupillary distance?
— Once in the beginning.
— When I'm noticing some issues, such as blurred vision or double vision.
— Most of the times when I use the device.
— Everytime I use the device.
— Never.
Question 16: Have you ever noticed any problems due to incorrect settings of the interpupillary
distance?
— Blurred vision
— Double vision
— General visual discomfort
— Idon’t know
— No, I haven’t noticed any problems

A.3 Eye Specific Demographics

Question 1: Do you have any vision problems, such as ...
— Nearsightedness (things far away are difficult to see clearly)
— Farsightedness (close things are difficult to see clearly)
— Astigmatism (cornea is irregularly shaped)
— Strabismus (Crossed Eyes)
— No, I don’t have any vision problems.
Question 2: Do you regularly wear prescription glasses or contact lenses to correct your vision
problems?
— Yes, I use both, prescription glasses and contact lenses.
— Yes, [ use prescription glasses.
— Yes, I use contact lenses.
— No, I don’t use either.
Question 3: When do you wear prescription glasses?
— All the time
— When using a computer
— To read
— When driving
— When doing sports
— Other
Question 4: When do you wear contact lenses?
— All the time
— When using a computer
— To read
— When driving
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— When doing sports
— Other
Question 5: Do you use your vision aids (prescription glasses or contact lenses) when using VR?
(If you use both please indicate the dominant form of vision aids you use in VR.)
— I 'wear prescription glasses when using VR.
— I wear contact lenses when using VR.
— No, I don’t use vision aids when using VR.
Question 6: Do you have any type of visual impairment, such as ...
— Cataract
— Glaucoma
— No, I don’t.
— Other

A.4 General DES Experience

Question 1: In general, please indicate whether you usually experience any form of visual

discomfort ...
never occasionally often or always
(the symptom does not occur at all) (sporadically (2 or 3 times per hour'of usage
or once per hour of usage) or almost every time)
during a VR session. o o o
after a VR session. 0 o o

Question 2: Please specify the intensity of visual discomfort ...

none moderate intense
during a VR session. o o o
after a VR session. o o 0

Question 3: After what period of time does visual discomfort on average occur during a VR
session?
Question 4: After what period of time does visual discomfort on average occur after a VR ses-
sion?
Question 5: How quickly do the symptoms subside?
— Within seconds after usage.
— Within 5 minutes after usage.
— Within 15 minutes after usage.
— Within 30 minutes after usage.
— Within an hour after usage.
— It takes more than an hour after usage.
— Other
Question 6: How does the occurrence of visual discomfort compare to looking at a desktop mon-
itor for the same amount of time?
— I experience visual discomfort more frequently when using a desktop monitor.
— I experience visual discomfort more frequently when using a VR headset.
— I experience visual discomfort about equally as often when using a VR headset and a
desktop monitor.
Question 7: Do you remember one specific scenario where you experienced visual discomfort?
If yes please indicate how and why it occurred and what you did to mitigate the symptoms.
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uestion 8: Do you have any further comments on the occurrence of visual discomfort using VR
Yy y g
headsets?

A.5 Computer Vision Syndrome-Questionnaire

Question 1: Please indicate whether you experience any of the following symptoms during
the time you use a VR headset (with regards to your eyes). If you select “never” on the
FREQUENCY scale, please select “N/A” on the INTENSITY scale.

a. FREQUENCY b. INTENSITY
(the symptom does  (sporadic episodes or (2 or 3 times per hour of usage
not occur at all)  once per hour of usage ) or almost every time) MODERATE INTENSE N/A
NEVER OCCASIONALLY OFTEN OR ALWAYS
Burning o o o o o o
Itching 0 o o o o o
Feeling of a
foreign body © ° ° © ° ©
Tearing o o o o o o
Excessive blinking o o o o o o
Eye redness 0 0 0 o 0 o
Eye pain o o o o o o
Heavy eyelids o o o o o o
Dryness o o o o o o
Blurred vision o 0 0 o o o
Double vision o o o o o 0
Difficulty focusing
for near vision © ° ° © ° °
Increased
sensitivity to light © ° ° © ° °
Coloured halos
around objects © 0 ° ° 0 ©
Feeling that sight
. - o o 0 o o 0
is worsening
Headache o 0 0 0 0 o

A.6 Coping Strategies

Question 1: Are you aware that coping strategies or eye exercises to reduce visual discomfort
exist?
— Yes
— No

Question 2: Do you know and use any of the following coping strategies or eye exercises?

Iknow and use Ido that, but I wasn’t aware Iknow that strategy, No, I don’t know
that strategy. that it is a strategy. but I don’t use it. that strategy.
Looking at something 20 feet
away for20 seconds every 0 0 o o
20 minutes (20-20-20 rule)

Squinting the eyes for a while o 0 o o
Blinking quickly for a while o o o o
Closing the eyes for a while 0 0 o 0

Covering the closed eyes
with the hands to relax o o o o

the eyes (palming)

Rolling the eyes into
one direction for a while © © ° °
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Question 3: Do you use a strategy that isn’t listed here?
— No, I don’t.
— Yes, the following:
Question 4: How often and for how long do you use a strategy/do eye exercises during a VR
session? Please choose:
Frequency:
— never
— less than once an hour
— once an hour
— 2an hour
— 3 times an hour
— more than 3 times an hour
Duration:
— never
— for 10 seconds.
— for 20 seconds.
— for 30 seconds.
— for 1 minute.
— for 2 minutes.
— for 5 minutes.
— for more than 5 minutes.
Question 5: If you are aware that strategies to prevent visual discomfort exist, but don’t use them
- please indicate why.
— Iforget about them.
— It’s too much effort/cumbersome.
— It would be too interruptive.
— Doesn’t deem necessary (symptoms go away by themselves after a while).
— Otbher:
Question 6: Do you use an eye exercises or eye training mobile app?
— No, I don’t.
— Yes, the following:
Question 7: Do you have any further comments regarding strategies to prevent or mitigate visual
discomfort?

A.7 Usage of Coping Strategies

Question 1: Now that you are aware that visual discomfort may occur after longer exposure to
VR and that certain strategies exist to mitigate the symptoms.
Question 2: Please rate based on agreement/disagreement:

‘ Strongly Disagree Disagree Neither Agree or Disagree Agree Strongly Agree

I would be willing to remove the headset
to perform an eye exercise.
I would be willing to perform
an eye exercise in VR
I would be willing to perform eye exercises
that are implicitly integrated in the o 0 o 0

VR experience, e.g., in loading screens.

[0} o o o

Question 3: I would be willing to remove the headset to perform an eye exercise ...
Frequency
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— never
— less than once every 3 hours
— once every 3 hours
— once every 2 hours
— one an hour
— 2 times an hour
— 3 times an hour
— more than 3 times an hour
Duration
— never
— for 10 seconds.
— for 20 seconds.
— for 30 seconds.
— for 1 minute.
— for 3 minutes.
— for 5 minutes.
— for more than 5 minutes
Question 4: I would be willing to perform an eye exercise in VR ...
Frequency
— never
— less than once every 3 hours
— once every 3 hours
— once every 2 hours
— one an hour
— 2 times an hour
— 3 times an hour
— more than 3 times an hour
Duration:
— never
— for 10 seconds.
— for 20 seconds.
— for 30 seconds.
— for 1 minute.
— for 3 minutes.
— for 5 minutes.
— for more than 5 minutes
Question 5: Please rate based on agreement/disagreement: I am concerned that the use of a VR
headset will negatively impact my eyes (e.g., eye health, wellbeing, and sight).
— Strongly Disagree
— Disagree
— Neither Agree nor Disagree
— Agree
— Strongly Agree
Question 6: Do you have any further comments regarding the usage of strategies to prevent or
mitigate visual discomfort while using a VR headset?
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B APPLYING BLUE LIGHT FILTERING TO ADDRESS DES IN VR HMDS
(USER STUDY 1)

B.1 Pre-study Experiments to Determine the Properties of the Peripheral Filter

As the peripheral filter has to be implemented in a way that users would accept and use it, we eval-
uated its intensity values in a pre-study consisting of three experiments with seven participants
(two female, five male, M = 22,SD = 3). The radius of the filter was set to 25° from the viewing
centre. We approached this problem from two sides. First, we determined a detection threshold of
the peripheral filter, i.e., at which percentage of blocked light participants would recognize that
a filter is active. In the second experiment, we aimed at determining an acceptance threshold of
the peripheral filter, i.e., at which percentage the participants would accept to use a strong filter.
Lastly, we asked participants for their personal preferences about the filters. The first experiment
was implemented as a two-alternative-forced-choice design, which has previously been used to
determine perceptual effects [77, 78]. Using this approach one can determine the probability of
how well participants are able to recognize an active filter. In each iteration, participants were
presented with two versions of the filter, where only in one version the filter was active. If they
cannot distinguish between the filters, a probability of 50% will be reached. We tested three ver-
sions of the filter, blocking 20%, 30%, and 40% of blue light, which results in eight combinations for
the experiment. Each combination was repeated eight times, resulting in a total iteration count of
48. For each iteration, participants played a VR game two times, each for 15 seconds (LightSaber
Section 4.1.4). After each iteration, they had to decide in which of them a filter was active.

In the second experiment, we aimed at determining to what extent strong filters were accepted
by users. To determine the upper limit of acceptance, we implemented again three versions of
the filter, blocking 60%, 80%, and 100% of the blue light. As the perception of a certain filter is
probably influenced by the order of presentation (e.g., the perception of a lighter filter might be
influenced by the previous perception of a strong filter), we decided to let participants rate the three
filter versions both in ascending and in descending order. To avoid further influences, half of the
participants were presented with ascending order first, and half of the participants were presented
with the descending order first. Participants played the LightSaber VR game for 60 seconds for
each of the filters. After each iteration, they answered a set of 11 7-point Likert scale questions,
regarding the perception of the filter.

B.1.1  Measures. Questions that were assessed during the pre-study experiment to determine
the acceptance threshold of the peripheral filter. The questions were answered on a 7-point Likert
scale, ranging from strongly disagree to strongly agree.

— It feels natural to play with a filter like this in Virtual Reality.

— I think the presentation of colors is not disturbed when using this of filter.
— I'would personally use a filter like this to take care on my eyes when using Virtual Reality.
— Using this filter negatively influences my playing experience.

— Ilike the aesthetics of this filter.

— Using this filter is pleasant.

— I think the presentation of colors is disturbed when using this of filter.

— Ifeel present in the virtual environment, as if I were really there.

— Using this filter doesn’t influence my playing experience.

— Using this filter is pleasant for my eyes.

— Ivery well recognized this filter.

Lastly, we asked participants to adjust a peripheral blue light filter according to their preferences
while playing the LightSaber game for six minutes. At, this participants were asked to alter the
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filter intensity in discrete steps until they reached a level that felt comfortable to them and that they
would still accept. Participants did this two times, one in ascending order and once in descending
order (each for three minutes).

B.1.2  Results. In the first experiment, we measured an average error rate of 34% (SD = 0.15) for
the 20% filter, an error rate of 29% (SD = 0.14) for the 30% filter, and an error rate of 23% (SD = 0.21)
for the 40% filter. For the second experiment, the majority of participants gave positive feedback
about the 60% and the 80% filter. They even found that the appearance of colors is not disturbed
when using these particular filters, although they recognized the filter well. For the 100% filter,
participants stated that they clearly recognized it, but still they stated that their playing experience
was not negatively influenced. Lastly, for the personal preference, we found a median of 60% for
the incremental and the decremental filter adjustment. These results motivated us to use a strong
filter in the study, as the user experience did not seem to be too negatively influenced by a strong
filter. Furthermore, we expected to measure larger effects when using a stronger filter.

B.2 Baseline Calculation of Intermediate Questions

We computed a baseline value for each participant by calculating the mean of the first three values
(mean(Qy, Q1, Q2)). This mean was subtracted from all values Qy—Qjo. By doing so, we eliminated
potential effects that could occur when participants experienced symptoms already before starting
the study. Furthermore, we eliminated potential familiarization effects of filling out the question-
naire for the first time. To determine the baseline, we proceeded as follows. For each participant
and each condition, we first determined the position of the first increase in symptoms (Qy when
participants did not experience any changes in symptoms). We then calculated the median of the
positions of the first increase for all participants and all conditions. The median of this first increase
in DES score was Q,. Therefore, we chose the mean of Qy, Q;, and Q, as the baseline value.
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B.3 Pre/Post Condition Discomfort Questionnaire for the Blue Light Study

Table 13. Symptoms of DES and Simulator Sickness That Were Measured in the Pre and Post-condition
Questionnaires in the Blue Light User Study

Type Question Scale
Digital eye strain ~ Blurred vision

Digital eye strain ~ Burning eyes

Digital eye strain  Difficulty concentrating
Digital eye strain  Difficulty focusing

Digital eye strain  Dry eyes

Digital eye strain ~ Eye redness

Digital eye strain ~ Eye strain

Digital eye strain  Excessive blinking

Digital eye strain  Feeling of a foreign body
Digital eye strain ~ Feeling that sight is worsening
Digital eye strain  Heavy eyelids

Digital eye strain  Increased sensitivity to light
Digital eye strain  Irritated eyes

Digital eye strain ~ Neck pain

Digital eye strain ~ Seeing colored halos around objects
Digital eye strain ~ Sensation of hot eyes

Digital eye strain ~ Shoulder pain

Digital eye strain ~ Soreness of eyes

Digital eye strain  Tearing eyes

Digital eye strain  Tired eyes

Digital eye strain ~ Watering of eyes

Simulator sickness Blurred vision

Simulator sickness Burping

Simulator sickness Difficulty concentrating
Simulator sickness Difficulty focusing

Simulator sickness Eye strain

Simulator sickness Dizziness with eyes closed

7-point Likert scale

Nothing at all (I don’t experience this at all) -
Very severe (I don’t want to use the device
under these conditions)

Simulator sickness Dizziness with eyes open 7-point Likert scale

Simulator sickness Fatigue Nothing at all (I don’t experience this at all) -
Simulator sickness “Fullness of head” Very severe (I don’t want to use the device
Simulator sickness General discomfort under these conditions)

Simulator sickness Headache
Simulator sickness Nausea
Simulator sickness Salivation increasing

Stomach awareness (is usually used to
Simulator sickness indicate a feeling of discomfort

which is just short of nausea.)
Simulator sickness Sweating

Vertigo (is experienced
Simulator sickness as loss of orientation with

respect to vertical upright.)
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Table 14. Ergonomic Symptoms That Were Measured in the Post-condition Questionnaires
in the Blue Light User Study
Type Question Scale

Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms

Ergonomic Symptoms

Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms
Ergonomic Symptoms

I felt tense or on edge because I was wearing the device.
I felt that I did not have the device properly attached.

I felt bulky wearing the device.

I felt strange wearing the device

I did not feel safe wearing the device.

The device was painful to wear.

The attachment of the device was too loose.

The device generated additional heat leading

to excess sweating.

Wearing the device made me feel physically different.
The device inhibited or restricted my movement

I could feel the device on my body.Heavy eyelids

The attachment of the device was too tight.

I was worried about how I'look when I wear this device.
I felt the device was too heavy.

The device was causing me some harm.

I was not able to move as usual

The device affected the way I move.

I could feel the device moving.

7-point Likert scale

Nothing at all (I don’t experience this at all) -
Very severe (I don’t want to use the device
under these conditions)

Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale
Borg10 Scale

Forehead
Temples

Cheeks

Nose

Ears

Eyes

Back of the head
Neck

Shoulders

7-point Likert scale

Nothing at all (I don’t experience this at all) -
Very severe (I don’t want to use the device
under these conditions)
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B.4 Usability Questionnaire for the Main Study

33:57

Table 15. Usability Questions That Were Asked in the Post-condition Questionnaire in the Blue Light Study

Type

Question

Scale

Visual appeal (PXI [1])
Visual appeal (PXI [1])
Visual appeal (PXI [1])
Enjoyment (PXI [1])
Enjoyment (PXI [1])
Enjoyment (PXI [1])
Enjoyment (PXI [1])
Enjoyment (PXI [1])

I enjoyed the way the game was styled.
I liked the look and feel of the game.

I appreciated the aesthetics of the game.
I enjoyed playing the game.

I liked playing the game.

Playing the game was fun.

The game was entertaining.

I'had a good time playing this game.

7-point Likert scale
strongly agree - strongly disagree

1PQ [83] Somehow I felt that the virtual world surrounded me.
IPQ [83] I felt like I was just perceiving pictures.
1PQ [83] I had a sense of acting in the virtual space
IPQ [83] I felt present in the virtual space. 7-point scale
IPQ [83] I was not aware of my real environment. fully disagree - fully agree
1PQ [83] I still paid attention to the real environment.
IPQ [83] I was completely captivated by the virtual world.
IPQ [83] The virtual world seemed more realistic than the real world.
IPQ [83] In the computer generated world I had a sense of “being there”. Zl;ljtog?;lslc—a:/é;ry much
IPQ [83] 1 did not feel present in the virtual space. 3;5:2: ;:C:llf felt present

How aware were you of the real world surrounding -point scal
IPQ [83] while navigating in the virtual world? point scate

. extremely aware - not aware at all
(i.e., sounds, room temperature, other people, etc.)?
7-point scale
IPQ [83] How real did the virtual world seem to you? about as real as an imagined world -
indistinguishable from the real world

1PQ [83] How much did your experience in the virtual environment 7-point scale

seem consistent with your real world experience? not consistent - very consistent
IPQ [83] How real did the virtual world seem to you? Zl_optorlenzilsacta:ljl - completely real
Obtrusiveness The visuals of the game felt natural.
Obtrusiveness The colors of the game looked distorted. R
Obtrusiveness The visuals of the game negatively influenced my experience. 7-point Likert scale .

. . strongly agree - strongly disagree

Obtrusiveness Playing the game felt pleasant for my eyes.
Obtrusiveness I noticed that some visual overlay was present.
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B.5 Cube Spawn Positions of LightSaber Game

Fig. 18. Spawn positions of the cubes in the VR game LightSaber that was implemented for the blue light
study.

B.6 List of Songs

The songs used in the blue light study are by “TheFatRat” https://www.youtube.com/user/
ThisIsTheFatRat.
The titles used are:

(1) Xenogesis: https://www.youtube.com/watch?v=3_-a9nVZYjk
(2) Fly Away: https://www.youtube.com/watch?v=cMg8KaMdDYo
(3) No No No: https://www.youtube.com/watch?v=d0uFvhCHWCo
(4) Close to the Sun: https://www.youtube.com/watch?v=0JuGlqO85YI
(5) Epic: https://www.youtube.com/watch?v=AgPbZHXQNAU
(6) Chosen: https://www.youtube.com/watch?v=9YHTVML4PTE
(7) Jackpot: https://www.youtube.com/watch?v=kL8CyVqzmkc
(8) Unity: https://www.youtube.com/watch?v=n8X9_MgEdCg
(9) The Calling: https://www.youtube.com/watch?v=KR-eV7fHNbM
(10) Timelapse: https://www.youtube.com/watch?v=3fxq7kqyWO8
(11) Monody: https://www.youtube.com/watch?v=B7xai5u_tnk
(12) Solitude: https://www.youtube.com/watch?v=cIYdf WFsMXw
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B.7 Statistical Results for the Main Study

B.7.1

Shapiro-Wilk Normality Tests.

Table 16. Shapiro-Wilk Normality Test Results for the Two-factor Analysis of the
Within-condition Questions

Condition Time Variable Test statistic p-value

global filter Qo relative DES score  0.7500531 1.580995e-05
global filter 04 relative DES score 0.8160829 2.078621e-04
global filter Q; relative DES score  0.8341135 4.541997e-04
global filter Qs relative DES score  0.8420467 6.486697e-04
global filter Q4 relative DES score  0.8314844 4.042991e-04
global filter Qs relative DES score  0.8317361 4.088147e-04
global filter Qs relative DES score 0.8791273 3.841417e-03
global filter Q7 relative DES score  0.9155262 2.692638e-02
global filter Qs relative DES score  0.9082339 1.793065e-02
global filter Qo relative DES score  0.9060596 1.590817e-02
global filter Q10 relative DES score  0.9130630 2.345030e-02
peripheral filter Qg relative DES score 0.8185916 2.312213e-04
peripheral filter QO relative DES score  0.8332034 4.362226e-04
peripheral filter ~ Q; relative DES score  0.8623669 1.678260e-03
peripheral filter Qs relative DES score  0.8650929 1.914843e-03
peripheral filter ~ Qq4 relative DES score  0.9124936 2.271582e-02
peripheral filter Qs relative DES score  0.9191239 3.300080e-02
peripheral filter Qg relative DES score  0.9356303 8.558918e-02
peripheral filter Oy relative DES score  0.9389315 1.038281e-01
peripheral filter Qs relative DES score  0.9529697 2.350686e-01
peripheral filter Qg relative DES score  0.9515737 2.169666e-01
peripheral filter ~ Q;p  relative DES score 0.9678883 5.252526e-01
control condition Qg relative DES score  0.6943593 2.373872e-06
control condition Q; relative DES score  0.7314953 8.202340e-06
control condition Q, relative DES score 0.6451718 5.227773e-07
control condition Qs relative DES score  0.8009601 1.109926e-04
control condition Q4 relative DES score  0.8789659 3.810158e-03
control condition Qs relative DES score 0.8822376 4.500360e-03
control condition Qg relative DES score 0.8828571 4.645355e-03
control condition Q; relative DES score  0.9268345 5.132640e-02
control condition Qs relative DES score  0.9344043 7.967322e-02
control condition Qy relative DES score  0.9355673 8.527429¢-02
control condition Qjy relative DES score  0.9590755 3.314385e-01

Results are grouped by the two factors treatment (three levels: global filter, peripheral filter, and

control condition) and time (11 levels: Qy—Q11).

33:59

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:60 T. Hirzle et al.

Table 17. Shapiro-Wilk Normality Test Results for the One-factor Analysis of the Pre
and Post-condition Questionnaires

Man Mex Min My

Test statistic p-value Test statistic p-value Test statistic p-value Test statistic p-value
global filter 0.912 0.0222 0.748 0.0000147 0.789 0.0000698  0.907 0.0169
peripheral filter 0.894 0.00846 0.748 0.0000147 0.907 0.0172 0.797 0.0000948
no filter 0.770 0.0000327 0.634 0.000000375  0.845 0.000748  0.882 0.00450

Mvisualappeal Menjoyment Mpresence Mobtrusiveness

Test statistic p-value Test statistic p-value Test statistic p-value Test statistic p-value
global filter 0.933 0.0748 0.955 0.268 0.985 0.955 0.980 0.848
peripheral filter  0.896 0.00918 0.906 0.0155 0.955 0.263 0.983 0.906
no filter 0.907 0.0167 0.871 0.00256 0.971 0.595 0.971 0.605

Results are grouped by the two factors treatment (global filter, peripheral filter, and no filter).

C APPLYING EYE EXERCISES OF SHORT DURATION AND HIGH FREQUENCY TO
ADDRESS DES IN VR-HMDS (USER STUDY 2)

C.1 Questionnaires

C.1.1  Post-condition Questionnaire. Questions that were presented on a 7-point Likert scale,
reaching from strongly disagree to strongly agree.

Question 1: It was easy to perform the eye exercises.

Question 2: The eye exercises increased my sensation eye strain.

Question 3: The eye exercises reduced my sensation of eye strain.

Question 4: The eye exercises did not make a difference in my sensation of eye strain.
Question 5: It annoyed me doing the eye exercises.

Question 6: Doing the eye exercises was fun.

Question 7: I enjoyed doing the eye exercises.

Questions on different scales:

Question 1: Please rate the eye exercises in terms of effectiveness from -3 to 3 (-3 negative effect,
0 neutral, 3 positive effect).

Question 2: How many hours did you spent in front of digital screens today?

Question 3: In contrast to the beginning of the VR application, do your eyes feel more strained?
(yes/no/don’t know)

Question 4: In contrast to the beginning of the VR application, do your eyes feel less strained?
(yes/no/don’t know)

C.1.2  Final Questionnaire.

Question 1: Please select the three eye exercises that were most effective.
Question 2: Please select the three eye exercises that were least effective.
Question 3: Please select the three eye exercises that were most fun.
Question 4: Please select the three eye exercises that were least fun.
Question 5: Please choose your three most favourite eye exercises. Please explain.
Question 6: Please chose your three least favourite eye exercises. Please explain.
Question 7: When eye strain in VR occurs, please rate based on agreement:

— I'would prefer to continue with the VR experience

— I'would prefer to do eye exercises on a regular basis

— I would prefer to continue with eye strain rather than interrupting the experience doing

eye exercises
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C.2 Statistical Results
C.2.1 Shapiro-Wilk Normality Tests.

Table 18. Shapiro-Wilk Normality Test Results for the
Two-factor Analysis of the Within-condition Questions

Condition Time Variable Test statistic p-value

close 01 Mg 05366620  1.305370e-07
close Qs My 0.6629938  3.390322¢-06
close 03 My 0.6152124  9.174424e-07
close Qs My 0.8392413  1.389311e-03
control  Q; My 0.7558452  6.069449¢-05
control  Qy My 0.7998072  2.924472e-04
control Q3 Mgy 07955959 2.497989e-04
control Qs My 0.8132912  4.897568¢-04
E1l 01 My 0.6533823  2.584627e-06
E1 Q; Mgy 05090627  6.912784e-08
E1 03 My 04566234  2.194013¢-08
E1l Os My 05108246  7.194137¢-08
E2 01 My 0.8485818  2.057737e-03
E2 Qs My 0.8310987  9.941677e-04
E2 03 My 0.8013168  3.095669e-04
E2 Qs My 07943783 2.387403e-04
E3 01 My 0.8173187  5.732173e-04
E3 Qs My 0.8553097  2.747372¢-03
E3 03 My 0.8141412  5.062277e-04
E3 Os My 0.7804853  1.437048e-04
E4 01 Mgy 0.8216416  6.798971e-04
E4 QO My 0.8328750  1.068820e-03
E4 03 My 0.8342368  1.130078¢-03
E4 Qs My 0.8497989  2.167361e-03
E5 01 My 07731509  1.106359%€-04
E5 Qs My 0.6714262  4.317706e-06
E5 O3 My 0.6024954  6.587206e-07
E5 Os My 0.8112400  4.523111e-04
E6 01 My 0.8305994  9.741997e-04
E6 Q2 My 0.8719499  5.745655e-03
E6 03 My 0.8608029  3.492235e-03
E6 Qs My 0.8516709  2.348253¢-03
E7 01 My, 0.9035082  2.556186e-02
E7 0, My 0.8920250  1.463969e-02
E7 03 My 0.8957247  1.748893e-02
E7 Qi My 07681812 9.289618e-05
E8 01 My 07384469  3.393164e-05
E8 Qs My 0.8768775  7.194960e-03
E8 Qs Mgy 09001144  2.164392e-02
E8 Os My 0.6558879  2.772880e-06

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close O Mex 0.4455664 1.738434e-08
close Qs Moy 0.6253897 1.201729e-06
close Qs Moy 0.7410802 3.700329e-05
close Q4 Moy 0.7749532 1.179318e-04
control 1 Moy 0.7227910 2.046289e-05
control Qs Mey 0.7914034 2.138538e-04
control Qs My 0.7340969 2.943593e-05
control Q4 My 0.8149699 5.228550e-04
E1 O1 Moy 0.7629840 7.753770e-05
E1 Qo Moy 0.6300218 1.360806e-06
E1 Qs Moy 0.5218467 9.252906e-08
E1 Q4 Moy 0.5626661 2.429397e-07
E2 o} M,y 0.7975829 2.690319e-04
E2 Qo Moy 0.7454841 4.281956e-05
E2 Qs Moy 0.7746016 1.164694e-04
E2 Q4 Moy 0.7640292 8.039425e-05
E3 O Mex 0.7788844 1.356813e-04
E3 0, M,y 0.6713672 4.310344e-06
E3 Qs Moy 0.7875990 1.859782e-04
E3 Q4 Moy 0.7621266 7.527516e-05
E4 O1 Moy 0.3665612 3.578983e-09
E4 Qo Moy 0.5583411 2.187506e-07
E4 Qs My 0.7567144 6.251904e-05
E4 Q4 Moy 0.7620464 7.506714e-05
E5 O1 Moy 0.6541242 2.638918e-06
E5 Qo Moy 0.7332194 2.860826e-05
E5 Qs Mey 0.6202860 1.049018e-06
E5 Q4 Mex 0.7563015 6.164520e-05
E6 o} M,y 0.5905915 4.858900e-07
E6 Qo Moy 0.6187903 1.008268e-06
E6 Qs Moy 0.7299267 2.571659e-05
E6 Q4 Moy 0.7850710 1.696107e-04
E7 O Mex 0.6488465 2.277468e-06
E7 Qs Moy 0.8072595 3.880597e-04
E7 Qs Moy 0.7908678 2.096744e-04
E7 Q4 Moy 0.8217183 6.819684e-04
E8 O1 Moy 0.6865509 6.723300e-06
E8 Qs Mex 0.7728579 1.094959¢-04
E8 03 Moy 0.8647607 4.160376e-03
E8 Q4 M,y 0.6007219 6.293013e-0

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close O Mi, 0.6815645 5.802249e-06
close Qs M;i, 0.7013252 1.048692e-05
close Qs M;, 0.5552336 2.029521e-07
close (on M;, 0.8156442 5.368143e-04
control O Min 0.7771989 1.277461e-04
control Qs Mi, 0.8335928 1.100656e-03
control Qs M, 0.7551203  5.921616e-05
control Qy M;, 0.7969578 2.628167e-04
E1l O M;, 0.7423061 3.853286e-05
E1l Qo M;, 0.6285641 1.308465e-06
E1l Qs Min, 0.4584390 2.280155e-08
E1 O; M, 0.5640406  2.512071e-07
E2 01 M, 0.7465086  4.430742e-05
E2 Qs M;, 0.9060594 2.899299e-02
E2 Qs M;, 0.8473787 1.955144e-03
E2 (on Min 0.8872057 1.164212e-02
E3 O M;, 0.6164702 9.483417e-07
E3 0, M, 0.5778125 3.525779¢-07
E3 Qs M;, 0.4874247 4.266141e-08
E3 (on M;, 0.6870450 6.822687e-06
E4 O M, 0.7146576 1.583223e-05
E4 Qs Min, 0.7034021 1.117424e-05
E4 0; M, 0.7855015 1.722859¢-04
E4 Qq4 M;, 0.8229078 7.150014e-04
E5 O M;, 0.7723697 1.076241e-04
E5 Qs Min 0.6404356 1.805776e-06
E5 Qs Min, 0.7620841 7.516463e-05
E5 (on M, 0.8714519 5.617445e-03
E6 01 M, 0.5966090  5.663043e-07
E6 Qs M;, 0.8582143 3.117552e-03
E6 Qs M;, 0.7976116 2.693210e-04
E6 (on Min 0.9036317 2.571776e-02
E7 O M;n, 0.8484661 2.047625e-03
E7 Qs M;i, 0.8625763 3.776324e-03
E7 Qs M;, 0.8407682 1.480471e-03
E7 (on M;, 0.7796912 1.396633e-04
E8 O Min, 0.6668431 3.784301e-06
ES8 Qs Min, 0.7372951 3.267433e-05
ES 0s M, 0.8024093  3.226196e-04
E8 (on M;, 0.6497728 2.336894e-06

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close O My, 0.5790737 3.638184e-07
close Qs My, 0.6932112 8.202823e-06
close Qs My, 0.5679589 2.764540e-07
close Q4 My, 0.6474906 2.193356e-06
control 1 My, 0.7908429 2.094818e-04
control Qs My, 0.7299978 2.577565e-05
control 03 My, 0.8289028 9.094674e-04
control Q4 M, 0.7958954 2.526016e-04
E1 O1 My, 0.4868225 4.210010e-08
E1 Qo M, 0.5598357 2.268078e-07
E1 Qs My, 0.5613842 2.354878e-07
E1 Q4 My, 0.5651268 2.579515e-07
E2 O M, 0.8380060 1.319933e-03
E2 Qo M, 0.7837355 1.615884e-04
E2 Qs M, 0.7227702 2.044935e-05
E2 Q4 My, 0.8133292 4.904811e-04
E3 O My, 0.7406385 3.646805e-05
E3 0, M, 0.7997221 2.915125e-04
E3 Qs My, 0.8987624 2.026363e-02
E3 Q4 My, 0.7871951 1.832537e-04
E4 O1 My, 0.7793046 1.377398e-04
E4 Qo My, 0.8430472 1.628550e-03
E4 03 My, 0.8124341 4.737233e-04
E4 Q4 M, 0.7480492 4.664896e-05
E5 O1 M, 0.6879244 7.003416e-06
E5 Qo My, 0.5506738 1.819193e-07
E5 Qs My, 0.6021446 6.527874e-07
E5 Q4 My, 0.7589371 6.745523e-05
E6 O M, 07331437  2.853812e-05
E6 Qo My, 0.8413078 1.514189e-03
E6 Qs My, 0.8282003 8.840171e-04
Eé6 Q4 My, 0.7794715 1.385669e-04
E7 O My, 0.6730700 4.527981e-06
E7 Qs My, 0.7707981 1.018261e-04
E7 Qs M, 0.7793785 1.381052e-04
E7 Q4 My, 0.7909250 2.101161e-04
E8 O1 My, 0.7132922 1.517084e-05
E8 Qs My, 0.7913751 2.136304e-04
E8 03 My, 0.8166345 5.580345e-04
ES Os M, 0.8208905  6.599414e-04

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close Qo Mstraining  0.6540880 2.636237e-06
close 01 Mtraining 07353989 3.071106e-05
close Q:  Mgiraining 07220321 1.997537¢-05
close Qs Mstraining  0.7790085 1.362858e-04
close Qi Muiraining 07913567 2.134856¢-04
control Qo Mstraining  0.7459606 4.350484e-05
control Q1 Mtraining 0.8128401 4.812478e-04
control Q, Mstraining 0.9018124 2.351874e-02
control Qs Mgtraining  0.7966260 2.595806e-04
control Q4 straining 0.8063984  3.754817e-04
El Qo Mqtraining 0.6469011 2.157816e-06
El O straining  0.9064731 2.959326e-02
E1 Q, Mstraining 0.8843135 1.016070e-02
El 0s straining 09016104 2.328712¢-02
El Qi Miraining 08511754  2.298863¢-03
E2 0o straining 06899064 7.429662¢-06
E2 Qi Miraining 08736064  6.194884e-03
E2 Q, Mstraining  0.8850680 1.052690e-02
E2 Qs Mgtraining 09210642  6.166245¢-02
E2 Qi Mgiraining 09178592 5.238898¢-02
E3 Qo Mstraining 0.7267700 2.323452¢-05
E3 Qi Miraining 09164340  4.874033¢-02
E3 Qs Mgtraining 0.8861276 1.106487¢-02
E3 Qs Mtraining 0.8483457 2.037162e-03
E3 Qq Mstraining  0.9309462 1.023528e-01
E4 Qo Mstraining 0.6979161 9.454239¢-06
E4 0, straining 0.8993189  2.082023e-02
E4 Qs Mstraining  0.9032769 2.527262e-02
E4 0Os straining 0.9411220 1.727869e-01
E4 Qq4 Mstraining 0.8864831 1.125180e-02
E5 0o straining 06720602 4.397549¢-06
E5 Q1 Miraining 08833222 9.699896¢-03
E5 0, straining 09160497 4.780223e-02
E5 Qs Miraining 09333082 1.155964e-01
E5 Os straining 0.9460568  2.222179¢-01
E6 Qo Mitraining 0.7502036 5.014669e-05
E6 Q1 Miraining 08462966  1.867512e-03
E6 Qs Mstraining  0.8783099 7.685457¢-03
E6 Qs Miraining 08947899 1.671781e-02
E6 Qs Mstraining 08812567  8.809297e-03
E7 Qo Mtraining 0.7311109 2.671908e-05
E7 ) Mstraining 0.8162564 5.498292e-04
E7 Qs Mstraining 08104457  4.386390e-04
E7 0s straining 0.8873096  1.169944e-02
E7 Qs Mstraining 09154279 4.632372e-02
E8 0o straining 0.6056527  7.147571e-07
E8 01 Mstraining  0.8802750 8.416748e-03
ES 0, straining 0.8852559 1.062021e-02
E8 Qs Mgtraining 08867690  1.140453¢-02
ES ) straining 08739377 6.289126¢-03

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close Qo Mreticoing 06875327 6.922302¢-06
close Q1 Myelicoing 0.8492425 2.116497e-03
close Qs Myeticoing 0.8492425 2.116497e-03
close Qs Myelicwing 0.8372733 1.280527¢-03
close Qs Myelicoing 0.8629129  3.832970e-03

control 0o Myelieving  0.7010046 1.038489¢-05
control O Myelieving  0.6684531 3.963245e-06
control Qs Myetieving  0.7253682 2.221512e-05
control 0s Myelieving  0.7243865 2.152957e-05
control (on Myelieving  0.7429266 3.933246e-05

E1l Qo Mreticving 0.6419372 1.881721e-06
E1 Qi Myelicoing  0.9096204 3.460774e-02
E1 Q2 Myelicoing 0.9145852 4.439551e-02
El Qs Myeticoing 08959067 1.764333e-02
E1l Qs Myelicoing 09147817 4.483743e-02
E2 Qo Myelicoing 0.6701140 4.157274e-06
E2 Q1 Mycticoing 09165539  4.903696¢-02
E2 Qs Mrelicoing 09079311  3.181464e-02
E2 Qs Myelicoing  0.9426013 1.863772e-01
E2 Qs Myeticoing  0.9405937 1.681700e-01
E3 Qo Mreticving 0.7736597 1.126457e-04
E3 Q1 Myelicoing  0.9518960 2.976644e-01
E3 Q:  Myelicoing  0.9206524 6.038165e-02
E3 Qs Mycticoing 09147669  4.480401e-02
E3 Qs Myelicoing  0.9023291 2.412247e-02
E4 Qo Myeticoing 0.7977144 2.703591e-04
E4 Q1 Mrcticoing 09489771 2.574456e-01
E4 Qs Myelicving 09456168 2.173165e-01
E4 Qs Myeticoing  0.9366869 1.375733e-01
E4 Qs Myelicoing 0.9376458 1.445338¢-01
E5 Qo Myeticoing 06778202 5.19906%-06
E5 Qi Myelicoing  0.8863969 1.120616e-02
E5 Q:  Myelicoing  0.9200092 5.843617e-02
E5 Qs Myelicoing 09188243 5.501939e-02
E5 Qs Myelicoing 0.9343967 1.222645e-01
E6 Qo Myeticoing 0.7573934 6.398491e-05
E6 Q1 Mycticoing 09164185  4.870198e-02
E6 Qs Myelicoing 09018053  2.351057e-02
E6 Qs Myelicoing 0.9101135 3.547042e-02
E6 Qi Myeticoing  0.9126771 4.033103e-02
E7 Qo Myeticoing 07350432 3.035705e-05
E7 Q1 Myelicoing  0.9008968 2.248750e-02
E7 Q:  Myeticoing  0.8921396 1.472018e-02
E7 Qs Mrclicving 0.8851846 1.058470e-02
E7 Qs Myelicoing 09355316 1.296263e-01
ES Qo Myelicoing 0.5606132 2.311231e-07
ES Q1 Mycticoing  0.9246627 7.411256e-02
E8 Qs Myelicoing 09018707 2.358614e-02
ES Qs Myelicoing 0.8786631 7.811777e-03
ES Qs Myelicoing  0.8599922 3.370006e-03

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close 0o Mirea 08440042 1.695351e-03
close 01 Myiyea  0.8874767 1.179217e-02
close Qs Myirea 0.8874283 1.176526e-02
close O  Myirea  0.8918183  1.449571e-02
close O Myreq 08773012 7.336502e-03
control  Qp  Myireq  0.8494453  2.134887e-03
control Q1 Mireq  0.8542744  2.626953e-03
control  Q,  Mireq  0.8063455  3.747242e-04
control Q3 Mreq 08190826  6.144217e-04
control Qs Miirea  0.8597490  3.334218e-03
E1l Qo Myirea  0.8865341 1.127889%¢-02
E1 01 Myiyea  0.8960417 1.775882e-02
E1 O:  Mrea 08592447  3.261317e-03
E1 Os  Myirea  0.8873096 1.169944e-02
E1l Qi Myrea 08239170  7.443604e-04
E2 Qo Myirea  0.8306967  9.780558e-04
E2 01 Myreq 09008326  2.241707e-02
E2 O Myirea  0.8913311 1.416214e-02
E2 Qs Myiyea  0.8948475 1.676430e-02
E2 Qi Myreq 09094173  3.425878e-02
E3 Qo Myirea  0.8325357  1.054114e-03
E3 01 Myreq 08686434  4.948971e-03
E3 O Myirea 08765170  7.076791e-03
E3 O3 Myiyea  0.8678603  4.778002e-03
E3 Qi Myreq 08518336  2.364716e-03
E4 Qo Myirea  0.8400337 1.435851e-03
E4 01 Myreq 08446712  1.743632e-03
E4 O Myirea 09056175  2.836584e-02
E4 O3 Myreq  0.8833532  9.713971e-03
E4 Os  Myirea 09167193  4.944911e-02
E5 Qo Myirea 09132395  4.148709e-02
E5 01 Myreq 08879724  1.207194e-02
E5 O Myirea  0.8879432  1.205527e-02
E5 O3 Myreq  0.8833135  9.695960e-03
E5 O:r  Mirea 08556094  2.783310e-03
E6 Qo Myirea 09133571  4.173311e-02
E6 01 Myreq 09311324  1.033389e-01
E6 O Myirea 09039662  2.614497e-02
E6 O3 Myreq 08948891  1.679796e-02
E6 Os  Myrea 09346212 1.236870e-01
E7 Qo Myirea  0.8169661 5.653407¢-04
E7 O Murea 08135864  4.954120e-04
E7 O Myirea  0.7164999 1.677358e-05
E7 O3 Myreq 07525829  5.433581e-05
E7 Os  Myirea  0.8473953  1.956528e-03
E8 Qo Myireq 08702498  5.320300e-03
E8 O Mirea 09097394  3.481389¢-02
E8 Q2 Myiyea  0.8923015 1.483470e-02
E8 O3 Myreq 09131566  4.131460e-02
E8 Os  Myirea  0.8572293  2.986406e-03

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value

close Qo Myelaxea 0.8675625 0.0047146465
close 01 Myelaxea 0.8648385 0.0041747923
close Qs Myelaxea 0.8990887 0.0205880259
close 05 Myelaxea 0.9158892 0.0474160210
close Qs Myelaxea 0.8696677 0.0051824458

control Qo Myelaxea 0.8753778 0.0067167441
control 01 Myelaxea 0.8392699 0.0013909650
control Qs Myeiaxea 0.8173717 0.0005744131
control Qs Myelaxeq 0.8744338 0.0064330739
control Qs Myelaxeqa 0.9142827 0.0437237153

E1 Qo Myelaxea 0.8639586 0.0040147535
E1 01 Myelaxea 0.8579421 0.0030807201
El Qs Myelaxea 0.8230195 0.0007181879
E1 05 Myelaxea 0.8548727 0.0026958379
E1 Qs Myelaxea 0.8278288 0.0008708653
E2 Qo Myelaxeqa 0.9198573 0.0579862505
E2 01 Myelaxea 0.8642951 0.0040751743
E2 Qs Myelaxea 0.8952386 0.0170834113
E2 05 Myelaxea 0.9232458 0.0689282494
E2 Qs Myelaxea 0.8860146 0.0110061112
E3 Qo Myelaxeqa 0.8583627 0.0031378408
E3 01 Myelaxea 0.8549176 0.0027010940
E3 Qs Myelaxea 0.9530561 0.3151322797
E3 05 Myelaxea 0.9119996 0.0389826257
E3 Qs Myelaxea 0.9215322 0.0631518852
E4 Qo Myelaxea 0.8405252 0.0014655440
E4 01 Myelaxea 0.8653591 0.0042726660
E4 Qs Myelaxeq 0.9071353 0.0305813771
E4 05 Myelaxea 0.9052372 0.0278374366
E4 Qs Myelaxea 0.8900313 0.0133112504
E5 Qo Myelaxea 0.9409284 0.1710814580
E5 01 Myelaxea 0.8950910 0.0169621835
E5 Qs Myelaxea 0.8697641 0.0052050061
E5 05 Myelaxea 0.9112749 0.0375921584
E5 Qs Myelaxea 0.9207204 0.0605911945
E6 Qo Myelaxea 0.8799892 0.0083059635
E6 01 Myelaxea 0.9243535 0.0729479094
E6 Oy Myelaxea 0.9427584 0.1878796124
E6 05 Myelaxea 0.9132271 0.0414612069
E6 Os  Myelaxea 0.9254451 0.0771443697
E7 Qo Myelaxea 0.8616722 0.0036285511
E7 01 Myelaxea 0.8591281 0.0032446976
E7 0y Myelaxea 0.7959647 0.0002532548
E7 05 Myelaxea 0.8641200 0.0040436100
E7 Qs Myelaxea 0.8984719 0.0199792827
ES Qo Myelaxea 0.9101135 0.0354704216
E8 01 Myelaxea 0.9350049 0.1261564199
ES 0»  Myelaxea 0.9083408 0.0324697107
E8 05 Myelaxea 0.8902305 0.0134380301
E8 Qs Myelaxeqa 0.9265803 0.0817705317

Results are grouped by the two factors treatment (10 levels: closing the
eyes, control condition, E1-E8) and time (four levels: Qy—Qs3).
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C.2.2  Post-condition Questionnaire. Results of the post-condition questionnaire of user study
2 in which participants answered 13 statements about the eye exercises.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:70 T. Hirzle et al.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



Digital Eye Strain in Virtual Reality Head-Mounted Displays 33:71

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:72 T. Hirzle et al.

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



Digital Eye Strain in Virtual Reality Head-Mounted Displays 33:73

ACM Transactions on Computer-Human Interaction, Vol. 29, No. 4, Article 33. Publication date: March 2022.



33:74 T. Hirzle et al.

D APPLYING EYE EXERCISES OF LONG DURATION AND LOW FREQUENCY TO
ADDRESS DES IN VR HMDS (USER STUDY 3)

D.1 Shapiro-Wilk Normality Tests

Table 19. Shapiro-Wilk Normality Test Results for the Two-factor
Analysis of the Within-condition Questions

Condition Time Variable Test statistic p-value
Close Eyes Q10 Mgy 0.96557 0.6856
Close Eyes Qa0 Man 0.76605 0.0003823
Close Eyes Q30 Mg 0.85401 0.007801
Eye Exercises Q10 My 0.93898 0.2528
Eye Exercises Qo0 My 0.90129 0.05134
Eye Exercises Q30 Mg 0.98438 0.9808
Control Condition Q¢ Mgy 0.90469 0.05919
Control Condition Qg Mgy 0.92903 0.1662
Control Condition Qs—g Mgy 0.85047 0.006828
Close Eyes Q10 Mex 0.95345 0.4513
Close Eyes Qo0 My 0.81102 0.00166
Close Eyes Q3-0 Mex 0.86758 0.01314
Eye Exercises Q10 My 0.98621 0.9899
Eye Exercises Qoo My 0.96676 0.7103
Eye Exercises Q30 My 0.98415 0.9794
Control Condition Q-9 My 0.9516 0.4206
Control Condition Qy—g My 0.94824 0.3687
Control Condition Q3—g M,y 0.87102 0.01503
Close Eyes Q10 My 0.9428 0.2959
Close Eyes Qo0 My 0.71201 7.756e-05
Close Eyes O3-0 M, 0.90919 0.07153
Eye Exercises Q10 M, 0.93659 0.2288
Eye Exercises Qo0 M 0.79604 0.001002
Eye Exercises Q30 M, 0.94401 0.311
Control Condition Qq—o M;y 0.91084 0.07669
Control Condition Qy—g M;, 0.91873 0.1072
Control Condition Qs—g M;, 0.91195 0.08041
Close Eyes Q10 My, 0.83956 0.004558
Close Eyes Qo0 My, 0.93215 0.1897
Close Eyes Q30 My, 0.75515 0.0002734
Eye Exercises Q10 My, 0.92619 0.1473
Eye Exercises Qoo My, 0.83485 0.00384
Eye Exercises Q30 My, 0.88921 0.03117
Control Condition Qg My, 0.86675 0.01272
Control Condition Qy—g My, 0.90908 0.0712
Control Condition Q3¢ My, 0.88491 0.02616

Results are grouped by the two factors treatment (three levels: closing the eyes,
eye exercises, and control condition) and time (three levels: Q1_o—Qs-¢). We show
the results for the relative symptoms means.
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D.2 Friedman Tests

Mall Mex Min Mvr
Friedman test results  y%(2) = 4.03,p = .13 x2(2) =2.08,p=.35 x%(2) = 1.74,p = .42 x%(2) = 1.63,p = .44

D.3 Two-factorial Non-parametric Variance Analysis

Mall Meyx Min My,
Time x2(2) =13.65,p < .01 x*(2) =5.88,p<.01 x%(2)=17.68,p <.01 x%(2)=9.91,p <.01
Condition x2(2)=3.41,p=.04 x*(2)=3.18p=.04 x*(2)=1.82,p=.16 x*(2)=2.25p=.11

Time:Condition y*(3) = 4.87,p < .01 x*(3) =3.86,p < .01 x?(2) =4.35,p <.01  x*(3) =3.20,p = .02
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