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A B S T R A C T

Advancements in display and sensor technology have led to virtual
reality (VR) head-mounted displays (HMDs) progressing from de-
vices mainly used for research purposes to everyday end user tech-
nology. The devices are used in a broad range of application areas,
particularly for training and educational purposes. Such applications
leverage the advantage of the devices of being able to create ecolog-
ically valid environments allowing us to study human behavior in a
controlled, safe, and realistic way. Furthermore, consumer users are
increasingly adopting the devices, anticipating their potential to be-
come an integral part of our everyday device repertoire.

However, current VR HMDs expose users to digital eye strain (DES)
– a rapidly spreading health problem in today’s digital society. DES
collectively refers to eye and vision problems caused by prolonged
exposure to digital screens. Its non-specific symptoms, such as dry
eyes, eye ache, or blurred vision, affect the users’ overall quality of
life and general well-being. While a large body of work exists on DES
in conventional displays, the problem has only marginally been ad-
dressed in the context and development of VR HMDs – despite them
carrying inherent properties that make them particularly prone (e.g.,
coverage of large parts of the field of view, close distance to the eyes).
Besides such technical factors, the context of use inherently increases
the problem, as the goal of VR experiences is usually to immerse the
users in the virtual environment, which may lead to prolonged and
extended exposures.

This dissertation lays the foundation for researching DES in VR HMDs
by analyzing properties, causes, and solutions to the problem and
setting it into context with other types of discomfort occurring in
VR HMDs. To that end, it applies two complementary views allow-
ing it to analyze the problem from a user-driven and a technology-
driven perspective. The thesis is structured into four parts. First, it
provides an analysis of the properties of the two views user and VR
HMD, which are the main stakeholders in the interactive system of
interest. It explores the interaction possibilities between the two us-
ing a morphological analysis, the results of which are presented as a
two-dimensional design space. In a second step, the thesis presents
a literature survey on the user-driven and technology-driven causes
of DES that are currently present in the human-computer interaction
literature. The survey results reveal a lack of user-driven solutions.
Building on these results, in the third part, two solutions to alleviate

vii



DES symptoms are developed and empirically evaluated. One solu-
tion consists of short visual tasks that have to be performed actively
by the users (user-driven eye exercises) and one that can passively
be integrated into device use (technology-driven blue light filtering).
The two solutions are evaluated in three quantitative user studies
(N=28, N=24, and N=19), revealing that the user-driven solution (eye
exercises) is successful in reducing symptoms, while the technology-
driven solution (blue light filtering) did not have a reducing effect
on symptoms. In the fourth and final part of the thesis, the problem
of DES is set into perspective with two other important types of dis-
comfort occurring in VR HMDs (simulator sickness and ergonomic
symptoms). The relationship between the three symptom types and
their individual contribution to general discomfort is formalized with
an exploratory factor analysis. Then, the severity of the three symp-
tom categories is compared in a user study (N=352), revealing that
DES and ergonomic symptoms are more prevalent and severe than
the currently dominantly researched problem of simulator sickness.

The dissertation concludes with a number of overreaching findings:
(1) The interaction on VR HMDs carries unique properties that pro-
mote the occurrence of DES symptoms. (2) The search for causes has
currently dominantly focused on technology-driven causes, and user-
driven solutions are rare. (3) The problem of DES is prevalent and
severe in the users of VR HMDs but is currently not sufficiently ad-
dressed neither by VR HMD experience developers nor by the re-
search community. (4) Solutions should be designed in a way that
they can be integrated into device use; one example for such a solu-
tion are short visual tasks can be employed to reduce symptoms. (5)
There are external factors, such as users’ susceptibility or sex, that fur-
ther drive the experience of DES symptoms. (6) In addition to these
main insights into DES in VR HMDs, this dissertation provides an
analysis of general discomfort, consisting of at least three main factors
(DES, simulator sickness, and ergonomic symptoms) and provides an
extended factor structure that can be used to build a more timely and
comprehensive discomfort measure for VR HMDs. These findings im-
plicate the importance of DES for future research and highlight that
our understanding of discomfort should proceed with the technology.
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Z U S A M M E N FA S S U N G

Fortschritte in der Display- und Sensortechnologie führten dazu,
dass sich Datenbrillen für die Virtuelle Realität (VR) von primär für
Forschungszwecke genutzte Geräte zu einer alltäglichen Technologie
für Endverbraucher:innen entwickelt haben. Die Geräte werden in
vielen Anwendungsbereichen eingesetzt, insbesondere zu Schulungs-
und Ausbildungszwecken. Solche Anwendungen nutzen den Vorteil
der Geräte, dass sie ökologisch valide Umgebungen schaffen können,
um menschliches Verhalten auf kontrollierte, sichere und realistische
Weise zu untersuchen. Weiterhin wächst das Interesse von Verbrau-
cher:innen für die Geräte erheblich, was deren Potential zeigt Teil
unseres alltäglichen Geräterepertoires zu werden.

Aktuelle VR-Datenbrillen setzen Nutzer:innen jedoch digitaler
Augenbelastung (DES) aus - ein sich in der heutigen digitalen
Gesellschaft rasch ausbreitendes Gesundheitsproblem. DES bezieht
sich auf Augen- und Sehprobleme, die durch längeres Betrachten
von digitalen Bildschirmen verursacht werden. Die unspezifischen
Symptome, wie trockene Augen, Augenschmerzen oder verschwom-
menes Sehen, beeinträchtigen die Lebensqualität und das allgemeine
Wohlbefinden der Nutzer:innen. Während es zahlreiche Arbeiten
zu DES bei herkömmlichen Bildschirmen gibt, wurde das Problem
im Zusammenhang mit VR-Datenbrillen bisher nur am Rande
behandelt - obwohl diese aufgrund einiger Eigenschaften (z.B. Ab-
deckung großer Teile des Sichtfelds, geringer Abstand zu den Augen)
besonders anfällig sind. Neben technischen Faktoren verschärft der
Nutzungskontext das Problem, da das Ziel von VR-Erlebnissen
oft darin besteht, die Nutzer:innen in die virtuelle Umgebung zu
immersieren, was längeren Nutzen und so Symptome begünstigt.

Diese Dissertation legt den Grundstein für Untersuchungen von
DES mit VR-Datenbrillen, indem sie Eigenschaften, Ursachen und
Lösungen analysiert und das Problem in einen Kontext mit anderen
Beschwerdearten, die in VR-Datenbrillen vorkommen, setzt. Hierzu
werden zwei komplementäre Blickwinkel eingenommen, die es
ermöglichen, das Problem aus einer nutzungs- und einer technolo-
gieorientierten Perspektive zu analysieren. Die Arbeit gliedert sich
in vier Teile. Zunächst werden die Eigenschaften der beiden Haupt-
bestandteile des interaktiven Systems, Nutzer:in und VR-Datenbrille,
analysiert. Interaktionsmöglichkeiten zwischen den beiden Teilen
werden mittels einer morphologischen Analyse untersucht. In einem
zweiten Schritt präsentiert die Arbeit eine Literaturübersicht über
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die nutzungs- und technologieorientierten Ursachen von DES, die
derzeit in der Literatur zur Mensch-Computer-Interaktion zu finden
sind. Die Ergebnisse zeigen einen Mangel an nutzungsorientierten
Lösungen. Darauf aufbauend werden im dritten Teil zwei Lösungen
entwickelt und in drei Studien (N=28, N=24 und N=19) empirisch
evaluiert. Eine Lösung besteht aus kurzen Sehaufgaben, die von den
Nutzer:innen aktiv durchgeführt werden müssen (nutzungsorien-
tierte Augenübungen), und eine, die passiv in die Gerätenutzung
integriert werden kann (technologieorientierte Blaulichtfilterung).
Die Ergebnisse zeigten, dass die nutzungsorientierte Lösung (Au-
genübungen) erfolgreich zur Verringerung der Symptome beiträgt,
während die technologieorientierte Lösung (Blaulichtfilterung) keine
Verringerung der Symptome bewirkte. Im vierten und letzten Teil
der Arbeit wird das Problem DES mit zwei anderen wichtigen Be-
schwerdearten (Simulatorkrankheit und ergonomische Symptome) in
Beziehung gesetzt. Die Beziehung zwischen den drei Symptomtypen
und ihr individueller Beitrag zum allgemeinen Unbehagen wird
mit einer explorativen Faktorenanalyse formalisiert. Anschließend
wird der Schweregrad der drei Symptomkategorien in einer Studie
(N=352) verglichen. Dabei zeigt sich, dass DES und ergonomische
Symptome häufiger und schwerwiegender sind als das derzeit am
häufigsten untersuchte Problem der Simulatorkrankheit.

Die Dissertation schließt mit einer Reihe von übergreifenden Erkennt-
nissen: (1) Die Interaktion mit VR-Datenbrillen weist einzigartige Ei-
genschaften auf, die das Auftreten von DES begünstigen. (2) Die
Suche nach den Ursachen konzentriert sich derzeit vor allem auf
technologieorientierte Ursachen und nutzungsorientierte Lösungen
sind selten. (3) Das Problem DES ist bei den Nutzer:innen von VR--
Datenbrillen weit verbreitet und schwerwiegend, wird aber derzeit
weder von Anwendungen noch von der Forschungsgemeinschaft aus-
reichend angegangen. (4) Lösungen sollten so konzipiert werden,
dass sie in die Nutzung des Geräts integriert werden können; ein
Beispiel sind kurze Sehaufgaben, die zur Verringerung der Sympto-
me eingesetzt werden können. (5) Es gibt externe Faktoren, wie die
Anfälligkeit oder das Geschlecht der Nutzer:innen, die das Auftre-
ten von Symptomen zusätzlich beeinflussen. (6) Zusätzlich zu diesen
wichtigen Erkenntnissen über DES mit VR-Datenbrillen bietet die Dis-
sertation eine Analyse allgemeiner Beschwerden, bestehend aus drei
Hauptfaktoren (DES, Simulatorkrankheit und ergonomische Sympto-
me). Die Faktorenstruktur legt die Grundlage für ein zeitgemäßes
und umfassenderes Maß für Beschwerden mit VR-Datenbrillen. Die-
se Ergebnisse verdeutlichen die Bedeutung von DES für die zukünfti-
ge Forschung und zeigen, dass unser Verständnis von Beschwerden,
die mit einer bestimmten Technologie auftreten können, ständig ree-
valuiert werden sollte.
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1I N T R O D U C T I O N

1.1 motivation

In 1965, Sutherland [212] described one of the first virtual reality (VR) The development of
VR HMDs from
research devices to
end user technology.

head-mounted displays (HMD) in his vision of “The Ultimate Display”.
They pictured the display as a device that would enable us to influ-
ence and change the world to a degree that would ultimately allow
us to alter matter. While today we still cannot change the material
world around us to that extent, we are able to control our visual en-
vironment. Through advancements in display technology, reduction
in computational requirements, and the miniaturization of sensors,
modern VR HMDs can create new, virtual worlds that we are free to
design according to our needs and desires. As a consequence, the sce-
narios in which the devices are used have changed from being used
primarily for research purposes to everyday consumer technology. As
such, we have moved from Sutherland [213]’s “Sword of Damocles” to
mobile end user VR HMDs.

Many industries benefit from the reduced form factor and lower com- Application areas of
VR HMDs.putational requirements of modern VR HMDs. For example, the engi-

neering sector applies them for architecture visualization, construc-
tion safety training, or equipment and operational task training [230],
while the medical industry uses them for medical visualization or
training [97]. Training and education are two of the most frequent
use cases of modern VR HMDs [96]. Creating ecologically valid envi-
ronments modeled according to the real world allows for the inves-
tigation and training of real-world responses [155, 183]. As such, we
can leverage the complete control that we can exercise through the de-
vices to address the specific needs of certain populations in a safe way.
For example, VR HMDs can help with the education of autistic children
by designing virtual environments that allow them to practice social
interactions in realistic environments with a controllable level of so-
cial inputs [26]. Furthermore, by having complete control over the vir-
tual surroundings, VR HMDs are successfully used in the treatment of
phobias through VR exposure therapy [24], in rehabilitation programs
[81], or fall prevention training for balance-impaired individuals [206].
Besides these professional and educational use cases, VR HMDs have
experienced rising consumer adoption in the last years, which is ex-
pected to increase continuously in the coming years [207]. At home,
VR HMDs are used for entertainment purposes and facilitate commu-
nication and connection between people remotely around the globe.

1
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This large variety of industrial use cases, educational purposes, and
personal application scenarios show that VR HMDs have the potential
to expand and transform our everyday digital device repertoire and
become an integral part of our digital environment.

However, all these benefits of VR HMDs come with one inherent prob-DES as significant
health problem with

digital displays.
lem – digital eye strain (DES). DES collectively refers to eye and vision
problems caused by prolonged exposure to digital displays [200]. The
prevalence of DES in computer users is at least 50%, with certain pop-
ulations (e.g., women or contact lens wearers) experiencing it even
more frequently and severely [132, 165, 200]. DES incorporates a set
of nonspecific, eye-related symptoms, which either stem from the
irritation of the ocular surface (e.g., dryness, irritation, burning) or
from accommodative and vergence stress (e.g., eye ache or eye strain)
[23, 198]. In addition, people report extraocular symptoms related to
ergonomic functionalities, such as neck pain, shoulder pain, or back
pain [237]. Similar to the polysymptomatic nature of DES, the causes
are manifold. According to Yan et al. [237], causes can be attributed
to either human or technological influences. Human influences in-
clude factors related to the eyes (e.g., eye and vision problems) or
general factors (e.g., gender or age). Furthermore, individuals with
ocular conditions (e.g., presbyopia) are more prone to DES than indi-
viduals that do not experience these problems [61, 89]. Furthermore,
several studies found that female users report symptoms to occur
more prevalent and more severely than male users [60, 165]. Children
are also specifically prone to DES, as they increasingly use digital de-
vices in their education and are thus exposed to digital displays for a
prolonged time [85, 138]. Not only are children affected, but also age-
related eye diseases can contribute to DES [108]. On the other hand, we
have technology-related factors. These can be divided into those that
are directly related to the digital display and those that stem from
the surrounding environment [237]. Display-related factors include
specific properties of the screen, such as glare [23], brightness [106],
or display resolution [245]. Environmental factors refer to the sur-
roundings, such as room brightness or humidity, but also ergonomic
posture [174, 189]. Besides these technical factors, it was shown that
the task has an influence on DES, e.g., reading on a digital display is
more straining than from a hard copy [38]. All these factors have led
to the fact that DES has long been recognized as a pervasive health
problem in today’s digital society [23, 185].

VR HMDs being digital displays incorporate all of these human andThe risk of DES in
VR HMDs. technical factors (except some of the environment-related factors).

Yet, in addition, they contain several aspects that carry the risk of
exposing users to an even more prevalent and severe experience of
DES symptoms. The most prominent property to be named here is
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the vergence-accommodation conflict (VAC) that stems from decou-
pling vergence and accommodation responses in current VR HMDs
[78, 117, 229]. This conflict in human depth perception and technical
depth presentation can lead to symptoms, such as headache, blurred
vision, and difficulty focusing [78, 104]. Another factor is the coverage
of the field of view. While conventional digital displays are mainly
used in the central part of the field of view, VR HMDs typically cover
around 100° of visual angle or more1 (e.g., Oculus Quest 104° or
HTC Vive Pro 107°). Therefore, when using VR HMDs, we are increas-
ingly exposed to digital content in our peripheral vision, which might
contribute to the experience of symptoms. In addition, the distance
of the devices to our eyes becomes closer, as VR HMDs are put directly
on the head in front of our eyes. This almost hermetic coverage of the
upper part of the face could increase the occurrence of DES symptoms
with VR HMDs, as the air circulation is cut off. All these factors pre-
cisely point towards VR HMDs carrying an increased risk of causing
DES symptoms.

A large body of work has investigated DES with two-dimensional (2D) Research gap.

displays, mainly with desktop or laptop computers, e.g., the work
of Blehm et al. [23], Sheppard and Wolffsohn [200], or Rosenfield et
al. [38, 165, 185]. However, the investigation of DES with VR HMDs
has only received little attention. Some works have compared the ef-
fects of DES with VR HMDs to those with 2D displays, such as smart-
phones [65] or desktop computer displays [70], but symptoms have
not been distinctly examined for VR HMDs. Furthermore, these studies
were conducted in laboratory settings and not in real-world scenarios,
which led to a significant critique on the ecological validity of these
experiments (e.g., the computer display with which symptoms were
compared was placed at two meters distance to the participants [70]).
In addition, field studies or surveys with the actual population that
uses VR HMDs are missing and, therefore, it is unknown to which ex-
tent the main user group is actually affected. Lastly, most of these
prior works on investigating DES originate from the medical domain
and, therefore, they primarily focus on investigating symptoms but
do not actively seek solutions [23, 85, 186]. This should rather be
done by the field of human-computer interaction (HCI) – the commu-
nity that primarily designs and develops VR experiences and devices.
This work aims to address these limitations and lay the foundation
for research on DES in VR HMDs.

1 https://risa2000.github.io/hmdgdb/, last accessed: September 29, 2021

https://risa2000.github.io/hmdgdb/
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1.2 research objectives & questions

This cumulative dissertation analyzes and addresses the problem of
DES in VR HMDs from an HCI lens. It aims to close the gap between
the medical investigations of DES and their practical implications on
the development of novel VR HMD experiences and devices.

The interaction on any interactive system is inherently determined
by the technology itself and the user who uses the technology. For
VR HMDs, this interaction also causes the problem of DES. To cover
a holistic picture of DES in VR HMDs and to be able to design solu-
tions that fit users’ needs and requirements, this thesis argues that
two complementary views (user and technology) have to be actively
integrated into the analysis of the problem and the design process for
novel solutions. Therefore, we apply a user-driven and technology-
driven view to this thesis’s research objectives (RO).
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Figure 1: This dissertation comprises four ROs (indicated as rows in the Fig-
ure) each of which is associated with one publication shown on
the left. In the first RO, we investigate user-driven and technology-
driven properties that contribute to DES and determine the inter-
action on VR HMDs [Core 1]. In the second RO, we reveal user-
driven and technology-driven causes of DES in VR HMDs [Core 2].
Addressing these causes, in the third part, we design, implement,
and evaluate user-driven and technology-driven solutions [Core 3].
Each of these three parts is addressed from a user-driven and a
technology-driven view. Finally, in the fourth RO – perspective – we
put the problem of DES into context with other forms of discom-
fort that occur in VR HMDs [Core 4]. This resulted in an updated
factor model of general discomfort in VR HMDs. This highlights the
connection of this dissertation to the field and points out the im-
portance of DES.
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This thesis comprises four steps to analyze and address DES in VR

HMDs. First, it builds a solid and structured foundation of the prob-
lem space by an in-depth analysis of the two parts that establish the
interactive system (user and HMD) [Core 1]. Secondly, after establish-
ing this foundation, it analyzes user-driven and technology-driven
causes that contribute to the emergence of DES in VR HMDs [Core 2].
Thirdly, to address these causes, solutions are designed, implemented,
and evaluated [Core 3]. And finally, to complete the analysis of DES in
VR HMDs, the problem is put into perspective with the wider context
of discomfort in VR HMDs [Core 4]. This is required to put the work
into context and determine its relevance to the research community.
Figure 1 shows an overview of the general structure of this thesis. In
the following these four ROs are detailed.

RO 1 Analyzing user-driven and technology-driven properties.
The aim of the first RO is to investigate the user-driven (per-
ceptual) and technology-driven (technical) properties and re-

[Core 1]
CHI 19

quirements that determine the interactive system between user
and VR HMD. In particular, we investigate how humans perceive
three-dimensional (3D) content on a VR HMDs and how the de-
vices present 3D content. The intersection of both creates the
problem of DES. To understand how DES occurs and how it can
be addressed, first the pre-conditions and requirements of both
parts that establish the interactive system have to be investi-
gated. Therefore, this RO is comprised by the following three
research questions (RQ):

RQ 1.1 What are the user-driven (perceptual) properties of human
depth perception that influence interaction on VR HMDs?

RQ 1.2 What are the technology-driven properties of VR HMDs that
influence interaction on VR HMDs?

RQ 1.3 How can the opportunities and challenges of the interac-
tion between user-driven and technology-driven properties
be analyzed?

RO 2 Revealing user-driven and technology-driven causes.
The aim of the second RO is to analyze the user-driven and
technology-driven factors that cause DES. User-driven factors

[Core 2]
ETRA 20

are the ones that are caused by active engagement with the de-
vices. In particular, as this thesis focuses on the eyes, we target
causes that stem from actively using the eyes for interaction.
Technology-driven factors refer to properties of the technology,
such as display brightness or weight. The following two RQs
summarize this RO:

RQ 2.1 What are the user-driven causes that contribute to DES in
VR HMDs?



6 introduction

RQ 2.2 What are the technology-driven causes that contribute to
DES in VR HMDs?

RO 3 Designing and evaluating user-driven and technology--
driven solutions.
Building on the first two ROs, the third RO aims to design, imple-

[Core 3]
TOCHI 22

ment, and evaluate solutions to DES in VR HMDs. In particular,
we design and evaluate one user-driven solution that requires
active engagement of users and one technology-driven solution
that is applied passively. To determine their effectiveness, the
solutions are then evaluated in a set of empirical user studies
and implications on how these solutions could be practically
applied in the use of VR HMDs are presented and discussed. In
particular, this RO is addressed by the following two RQs:

RQ 3.1 How can user-driven solutions be designed to alleviate DES

in VR HMDs?

RQ 3.2 How can technology-driven solutions be designed to alle-
viate DES in VR HMDs?

RO 4 DES in perspective to general discomfort in VR HMDs.
The first three ROs focus on DES within an enclosed space. To
conclude this thesis and to put the problem of DES into context

[Core 4]
CHI 21

with the broader field of discomfort research in VR HMDs, the
fourth RO reflects on it from a broader perspective. In particu-
lar, the problem of DES in VR HMDs is set into context with two
other relevant discomfort types that occur in VR HMDs (simu-
lator sickness and ergonomic symptoms). The relation of these
three discomfort types can be formalized in a factor model of
general discomfort. This allows for a comparison of severity and
prevalence of the three symptoms types. The following two RQs
specify this RO:

RQ 4.1 How can the three symptom types (DES, simulator sickness,
and ergonomic symptoms) be modeled in a concise way to
determine their individual influence on general discomfort
in VR HMDs?

RQ 4.2 How relevant is the problem of DES compared to simulator
sickness and ergonomic symptoms?

1.3 methods

Following the interdisciplinary nature of HCI [175], the methodologi-
cal approach of this thesis draws from the fields of computer science,
psychology, and design. As pointed out by Lazar et al. [120, p.7], “HCI
research requires both rigorous methods and relevance”. HCI aims to inves-
tigate problems and design solutions that are of practical relevance
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to users using rigorous and valid methods. Consequently, we follow
a multimethod approach that incorporates theoretical methods, prac-
tical prototyping, and behavioral research.

1.3.1 Theoretical Methods

Theoretical methods are used to understand and structure the prob-
lem space that lies the foundation of the thesis. This refers either to
the systematic analysis of a novel problem space (design space, RO 1

[Core 1]) or to the systematic analysis of prior work (literature survey,
RO 2 [Core 2] and RO 3 [Core 3]).

1.3.1.1 Design Spaces

Design spaces have a long history in HCI to structure and extend exist-
ing knowledge and to reveal new problem combinations and research
gaps. As Ballagas et al. [12] point out, such gaps indicate where future
research efforts should concentrate, e.g., to reveal novel interaction
techniques. As such, design spaces have been applied to structure re-
search around specific bodies of work and to propose future research
directions based on these analyses, such as affective health in HCI

[191], explainable artificial intelligence (AI) [124], shape-changing in-
terfaces [115], multimodal systems [145], tablets in VR [211], or wind-
shield applications for cars [64]. Design spaces are a common method
in HCI research, and the methods to build such a design space are
versatile. One approach that is often applied to create design space is
morphological analysis [33, 45]. The morphological approach by Zwicky
[246] describes a process aiming to effectively conduct “discovery, in-
vention and research” [246, p.1] by studying all relevant relationships
between properties of a given problem space. The aim is hereby to
detach from the human mind’s prejudice and to objectively discover
the said properties. The morphological approach is not limited to re-
search problems but can be applied to “all situations in life” [246, p.1].
The process consists of identifying all relevant dimensions and pa-
rameters of a problem complex, assigning values, and combining all
of them in a matrix or box (also referred to as Zwicky box or design
space) [180]. This methodology allows to reveal new solutions con-
sisting of formerly overlooked combinations of parameters. Thus, it
can be understood as a tool for invention. On the other hand, such
a box or design space can classify existing literature, inventions, or
research. The analysis of overcrowded and empty cells can identify
research gaps. In the research of this thesis, a design space was built
to systematically analyze the combination of user-driven perception
and technology-driven representation of depth in HMDs [Core 1]. It
reveals novel interaction possibilities that are arising from this com-
bination. Furthermore, the design space of gaze interaction on HMDs
serves to structure the existing knowledge and literature. By analyz-
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ing the filled design space, it can be used to discover new research
gaps. Finally, we present a method to use the design space as an
ideation tool with the aim to derive new research questions or – more
generally – ideas.

1.3.1.2 Literature Reviews

The second theoretical method that this thesis employs is that of sys-
tematic literature surveys. We use this approach to systematically in-
vestigate how a certain problem has been addressed in the literature
and to identify the body of work that already exists on a specific prob-
lem.

Literature reviews typically gather existing knowledge and evidence
about a specific topic and bundle their insights and findings into syn-
thesized summaries of a topic or field. According to Cooper, litera-
ture reviews can aim to “(a) integrate (compare and contrast) what others
have done and said, (b) criticize previous scholarly works, (c) build bridges
between related topic areas, and/or (d) identify the central issues in a field.”
[40, p.5]. Based on the synthesis, they often derive new insights that
extend the current body of work and are, for example, presented as
guidelines [16, 52], taxonomies [5, 30], or future research directions
[101, 190]. The different types of literature reviews are extensive and
versatile. Cooper [41] presented a taxonomy of literature reviews cov-
ering 22 categories, and Sutton et al. [214] presented an even more
extensive list of 48 review type definitions. The type of review in this
thesis is most identifiable with the term systematic review. The goal
of which is to “integrating past research by drawing overall conclusions
(generalizations) from many separate investigations that address identical or
related hypotheses.” [40, p.7]. Cooper further states that “the research syn-
thesist’s goal is to present the state of knowledge concerning the relation(s) of
interest and to highlight important issues that research has left unresolved.”
[40, p.7]. However, there are many opinions on what methodology
a systematic review should follow and what the term really entails
[35, 63, 157], and researchers in our field often follow an informal
methodology. This might be due to many methods originating from
the medical field that are difficult or not possible to apply in the field
of HCI. In general, a systematic review contains the gathering of the
to-be-summarized evidence and the summary itself (synthesis). In
the field of HCI, the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) [150] have established themselves over
the years to be a frequently used reporting standard for the gather-
ing step [32, 66, 232]. For the synthesis part, the methods highly de-
pend on the type of data that is collected, e.g., thematic analysis is a
common approach to analyze qualitative data [192, 209], while meta-
analysis is an example for the analysis of quantitative data [53]. In
the research reported here, we followed the PRISMA reporting guide-
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lines to report the gathering of evidence. In [Core 2] we synthesized
qualitative data and in [Core 4] we mainly synthesized quantitative
data. The specific methods are explained in detail in the respective
publications.

1.3.2 Practical Prototyping

While this dissertation uses theoretical methods to identify and struc-
ture prior knowledge and to inform future research, it applies prac-
tical prototyping to test the solutions that were built. For the design,
implementation, and evaluation of solutions, we followed a human-
centered design approach that was first introduced by Don Norman
[146, 147] and is now defined as part of the ISO standard for ”er-
gonomics of human-system interaction“ 9241 [87]. The process con-
sists of four steps: (1) understanding the context of use, (2) specifying
user requirements, (3) designing solutions, and (4) evaluating the so-
lutions against the requirements. It is defined by placing the user
of the technology at the center of the investigations and iteratively
repeating the four steps to meet the users’ requirements best. The
process is commonly used in HCI to design, build, and evaluate novel
software and hardware prototypes [10, 172, 238]. In this thesis, we
designed and implemented two software prototypes that aim to al-
leviate DES symptoms in VR HMD users. To understand the context
of use, we conducted a user survey with 68 users of VR HMDs. Based
on these results, we specified the requirements for potential solutions.
Participants of the user survey indicated that solutions should be in-
tegrable into usage in a way that they would not disturb them in
using the device. Based on these requirements, we then designed two
types of solutions, a user-driven and a technology-driven one. The
evaluation method of these solutions is detailed in the next section.

1.3.3 Behavioral Research

To advance our understanding of how users of VR HMDs are affected
by the problem of DES and how they would adopt the designed solu-
tions, we conducted one survey and four user studies. These studies
include three controlled experiments and one field study. Of these
four studies, two were conducted as online studies, while one was a
laboratory experiment, and one was conducted in the users’ homes.
Behavioral research methods include, but are not limited to expert
reviews, observations, field studies, surveys, usability studies, inter-
views, focus groups, and controlled experiments [203]. These meth-
ods entail several properties that interfere with each other and that
have to be carefully balanced, e.g., resources, such as cost and time,
but also the level of control vs. observation of natural interaction [120,
p.25]. In general, three types of behavioral research are distinguished:
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descriptive, relational, and experimental [120]. Descriptive methods
aim to describe a phenomenon and reveal variables of importance,
while relational methods can identify relations between multiple vari-
ables. Finally, experimental methods are unique in that they can iden-
tify the causality of said relations [120]. This dissertation incorporates
all three research types and carefully chooses the respective method
matching the most important requirements of each research question.
An overview of the conducted studies that are part of dissertation is
shown in Table 1.

Table 1: An overview of the studies that are part of this dissertation together
with the respective publication and the study method.

Publication Online Laboratory At-home Method

TOCHI 22

[Core 3]

user survey

on DES

symptoms

survey

TOCHI 22

[Core 3]

blue light

study

eye exercise

study

eye exercise

study

controlled

experiment

CHI 21

[Core 4]

symptom

comparison

study

field study

1.3.3.1 Surveys

Surveys are a common tool in HCI research to “provide statistical de-
scriptions of people by asking questions” [56, p.1]. A survey typically
consists of a set of well-defined and well-written questions that are
self-administered by participants [120, p.105]. We conducted one sur-
vey to reveal how users are affected by DES in their natural usage of
VR HMDs. To that end, 68 participants were recruited who regularly
used a VR HMD in their free time. The survey aimed to reveal how fre-
quently and severely they experience symptoms, but also what strate-
gies they apply to alleviate symptoms. The details of this survey are
described in [Core 3].

1.3.3.2 Controlled Experiments

The two solutions that were designed to alleviate DES, were evaluated
in three controlled experiments, which are presented in [Core 3]. It is
common to investigate DES with such controlled experiments that al-
low isolating a specific effect of interest [166, 199]. In this dissertation,
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we applied three experiments to isolate a specific solution approach
that was tested with a controlled application. Using VR HMDs allows
for the unique situation to create a laboratory environment outside
the laboratory. This is possible, because of the control that can be ex-
ercised using the devices. That is, by implementing a “standalone”
experiment, the study application can easily be distributed to users
who own a device and they can execute the study by themselves.
Of course, this setting requires a detailed description and implemen-
tation of the study procedure. However, by implementing a custom
study application, the procedure can be integrated, such that partici-
pants are guided through the experiment without interruption.

1.3.3.3 Field Studies

Shneiderman points out that we apply field studies to “put new inter-
faces to work in realistic environments for a fixed trial period” [203, p.131].
This dissertation reports the results of one field study to determine
relations between the usage of VR HMDs and the experience of symp-
toms. In this case, we did not test a novel interface or intervention, but
analyzed how symptoms occur in a natural setting. For the evaluation
of symptomatology, this is especially important, as the occurrence
of symptoms is directly connected to the usage behavior. Therefore,
controlled experiments about the symptomatology of DES can only
reveal partial results of the phenomenon. In the field study that we
conducted, the participants used their devices as usual and answered
symptom questionnaires before and after usage [Core 4].

1.3.3.4 Online Studies

One of the controlled experiments (blue light study in [Core 3]) was
conducted as an online study (i.e., participants were recruited using
an online recruiting platform). Furthermore, we conducted the field
study in [Core 4] online. Online studies are more challenging to con-
trol than traditional laboratory experiments. However, they often al-
low for easier and faster access to participants and, as such, data
collection. Furthermore, this provides for assessing a sample with a
broader and more diverse background than typical university sam-
ples. Due to the lack of control, the data quality of these studies has
to be more carefully examined. Yet, with adequate appraisal, they can
achieve similar results as laboratory studies [31, 59].

1.3.3.5 Long-Term Studies

Especially in the investigation of symptomatology, the analysis of
long-term effects is critical to identify whether symptoms occur re-
peatedly and whether this repeated occurrence of symptoms increases
potential negative effects. There are a few DES studies that investigate
such effects, e.g., with office workers who repeatedly have to answer
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Table 2: An overview of the published work that this cumulative disserta-
tion comprises together with the contribution type (artifact, empiri-
cal, survey, theoretical) classified along Wobbrock and Kientz [235]’s
classification of research contribution types in HCI.

Publication Contribution Type

[Core 4]

A Critical Assessment of the Use

of SSQ as a Measure of General

Discomfort in VR HMDs. CHI ’21

empirical

survey

theoretical

[Core 3]

Understanding, Addressing, and

Analysing DES in VR HMDs.

TOCHI ’22

artifact

empirical

theoretical

[Core 2]

A Survey of DES in Gaze-Based

Interactive Systems. ETRA ’20
survey

[Core 1]

A Design Space for Gaze

Interaction on HMDs. CHI ’19
theoretical

a specific questionnaire [196]. Long-term effects are challenging to
study, as they require similar conditions over the course of several
days, or even weeks. We conducted one long-term study to investi-
gate the manifestation of DES symptoms during ten days (at-home
study in [Core 3]). We took careful preparations to make sure that
participants used their devices at the same time a day with similar
preconditions.

1.4 contributions

The general contribution of this work is the systematic analysis and
addressing of DES in VR HMDs. In particular, this thesis makes four core
contributions that are in line with the research objectives stated above.
The core contributions are of four types (artifact, empirical, survey, and
theoretical), following [235]’s definition of research contribution types
in HCI. Table 2 shows a list of the core contributions with their respec-
tive contribution types.

C 1 Analyzing user-driven and technology-driven properties.
The first core contribution of this thesis is the first design space
that actively analyses the interplay between perceptual prop-

[Core 1]
CHI 19

erties of users and technological requirements of HMDs. It is
spanned by the two dimensions D1: perceptual properties of hu-
man depth perception and D2: technical properties of HMDs. This
structure yields a coherent foundation of the interactive system
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(human and HMD) that establishes the basis of this thesis. We
present two techniques that determine the usage of the design
space. First, the design space allows for the structured classifi-
cation of existing research that specifically addresses the inter-
section of human perception and HMDs. This classification tech-
nique not only reveals gaps in literature, but also provides tech-
nological alternatives for concrete implementations. The second
usage type of the design space is as ideation technique that
helps to find new research questions, interaction techniques,
or applications. The type of this first core contribution is the-
oretical, as it provides a framework that allows for new ways
to think about the combination of user-driven properties and
technology-driven requirements with regard to HMDs. This work
is published in [Core 1].

C 2 Revealing user-driven and technology-driven causes.
The second core contribution of this thesis is a literature review
on the user-driven and technology-driven causes of DES. This

[Core 2]
ETRA 20

literature survey is the first to specifically focus on discover-
ing user-driven and technology-driven contributors to DES that
have been observed in HCI research. Secondly, it reveals meth-
ods that are currently applied to reduce or alleviate DES. While
previous research mainly focused on technology-driven causes
and solutions, this literature review provides user-driven factors
and, most importantly, reveals a lack of user-driven solutions.
Finally, the work provides a summary of insights and gives rec-
ommendations on where future research efforts should concen-
trate. The type of this second core contribution is survey and it
is published in [Core 2].

C 3 Designing and evaluating user-driven and technology--
driven solutions.
This dissertation thirdly contributes the conceptualization and

[Core 3]
TOCHI 22

implementation of a user-driven and a technology-driven so-
lution to DES in VR HMDs. The development of the solutions
followed a user-centered design process. The context analysis
and requirements definition is based on a user survey with 68

users of VR HMDs. This survey reveals for the first time how
actual users of the technology experience symptoms, but also
what strategies they apply to alleviate them. Based on these
results, we designed and implemented two solutions: one that
requires active user engagement and one that passively applies
techniques to alleviate symptoms. We evaluated the effective-
ness of the solutions in three controlled user studies, revealing
one solution that actively reduces symptoms of DES. We con-
clude this core contribution with a comprehensive analysis of
the studies, revealing external factors that contribute to users’
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experience of DES, such as susceptibility and sex. Based on these
analyses, we present ten key challenges that guide future work
in this emerging area of research. With one user survey, three
user studies, and one analysis of the three user studies the main
contribution type of this work is empirical. In addition, with the
solution techniques, this part of the thesis makes two artifact
contributions. Lastly, with presenting key challenges for DES in
VR HMDs, we make a theoretical contribution. This work is ac-
cepted for publication [Core 3].

C 4 DES in perspective to general discomfort in VR HMDs.
The fourth and final core contribution of this dissertation pro-
vides a broader perspective on the problem of DES in VR HMDs

[Core 4]
CHI 21

by comparing its relevance to other types of discomfort that
have experienced more attention by the research community,
such as simulator sickness. First, we conducted a literature sur-
vey to reveal how and what types of discomfort are currently
addressed in VR research. This analysis revealed that discom-
fort is often measured with the simulator sickness question-
naire (SSQ) – a tool that is limited in its suitability as general dis-
comfort measure, as it only covers one symptom category and
has several drawbacks that are discussed in more detail in Sec-
tion 3.5. These limitations call for a novel form of understand-
ing and measuring symptoms of discomfort in VR HMDs. There-
fore, we built an extended factor model of discomfort covering
symptoms of DES, simulator sickness, and ergonomics based on
data of a user study with 352 participants. This model serves
as the basis for a more timely and comprehensive measure of
discomfort in VR HMDs. Lastly, we compared the severity of
the three symptom categories DES, simulator sickness, and er-
gonomic symptoms in a user study. This work’s contributions
are of three types. First, it makes a survey contribution with the
literature survey on general discomfort in VR HMDs. Secondly, it
makes an empirical contribution with the user study and finally,
it makes a theoretical contribution by proposing an extended fac-
tor model of discomfort for VR HMDs. The work is published in
[Core 4].

1.5 thesis structure

The remainder of this thesis is structured as follows. Chapter 2 intro-
duces key concepts and components of general DES research. It cov-
ers effects and symptoms of DES, measurement methods, causes that
are known for conventional displays, and alleviation approaches that
have been proposed. Furthermore, it introduces other types of dis-
comfort in VR HMDs. Chapter 3 gives a definition of the two views
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(user-driven and technology-driven) that this thesis takes on the re-
search objectives. It then presents the main findings of the four re-
search objectives, formulates their individual contributions, and high-
lights their importance to the overall objective of the thesis. Chapter 4

discusses the findings of the four research objectives and deduces the
implications thereof. Finally, Chapter 5 addresses the main limitations
of the thesis, shows possibilities for future research, and summarizes
the thesis with a conclusion.





2B A C K G R O U N D A N D R E L AT E D W O R K

This chapter gives a general overview of DES research, starting with
describing its prevalence in today’s society, its effects and symptoms,
measurement methods, and causes. Then, it discusses prior work on
treatment and alleviation approaches. Lastly, it discusses other dis-
comfort types that occur with VR HMDs and their relation to DES.

terminology. Asthenopia is the formal diagnostic term for “eye
strain” [148]. The term is “used to describe any symptoms associated with
the use of the eyes” [135, p. 33]. Sheedy [198] describes its clinical pre-
sentation as the experience of one or several ocular symptoms that
are non-specific and include “eyestrain, eye fatigue, discomfort, burning,
irritation, pain”, and others [198, p. 2]. This dissertation focuses on
digital eye strain, which refers to eye and vision problems that occur
as a consequence of digital device usage [200]. Due to its connection
to digital screens digital eye strain is also referred to as computer vision
syndrome [185, 200]. In the literature, the terms visual fatigue and visual
discomfort are also used to describe the same problem, e.g., [23, 242].
However, the definition of what these terms actually refer to varies.
While the World Health Organization classifies asthenopia as a part
of visual discomfort [148], Lambooij et al. [117] suggest that visual
discomfort refers to the subjective part of asthenopia and visual fa-
tigue describes its objective part, and Sheppard and Wolffsohn [200]
use the term visual fatigue as a synonym for digital eye strain. In
the following sections, we will use the term digital eye strain for eye
and vision symptoms that stem from digital device use. The terms
visual discomfort or visual fatigue will only be used when they are used
explicitly by the authors of the discussed literature.

2.1 prevalence of des in today’s society

Together with the wide adoption of digital technology over the last
decades, the problem of DES has become pervasive, resulting in a
wide-spread health issue in today’s digital society. In a meta-analysis
of 16 studies on the dry eye disease in office workers, Courtin et al.
[43] report a global mean prevalence of 49.5% with values ranging
from 9.5% to 87.5%. Several studies confirm this high variability in
prevalence. In a study in 2012, Portello et al. [165] collected DES symp-
toms from 520 office workers. They report that 40% of the participants
indicated to experience the symptom of tired eyes “at least half of the
time” during the week of the study. The percentage of participants

17



18 background and related work

who experienced the symptoms dry eyes, eyestrain and/or eye dis-
comfort, irritated or burning eyes, “at least half of the time” was around
30%. Mocci et al. [137] report similar percentages in a study with 212

bank workers as indicated by an asthenopia questionnaire. 31.9% of
the participants reported at least one symptom “during or soon after
the work shift three or more times a week” [137, p.2]. Similarly, Bhanderi
et al. [18] report 46.3% prevalence among 419 computer workers who
experienced symptoms during or after computer work. In a study
with 426 office workers, Tauste et al. [220] found a prevalence of 53%
with a prevalence of 65% among the computer workers who wore
contact lenses, and a prevalence of 50% among the participants who
did not wear contact lenses. These studies suggest that between 30%
and 50% of computer users are affected regularly by DES symptoms.
While these studies concentrate on computer workers, other works
suggest that the problem is not limited to this population, but that
the problem is pervasive in the general population, too, because of
the wide distribution of digital displays. For example, Akowuah and
Kobia-Acquah [3] revealed a prevalence of 42% of the dry eye disease
in a general population in Africa without restrictions to office work-
ers or computer users.

The large variability in the study results can be attributed to differ-
ent measurement methods, populations, gender distributions, tasks,
and devices among the discussed studies. Yet, it points towards the
problem being highly prevalent, not only in the population of office
workers. Even the lower mark of the results (30%) indicates that the
problem is pervasive and affects many people in their daily lives.
While most of the studies particularly look at the population of of-
fice workers, studies that focus on the general population are not yet
commonly reported. In summary, these studies show that the prob-
lem is prevalent in today’s digital society and may become worse with
more digital devices being used on a regular basis. The next section
discusses the specific effects and symptoms of DES that are a result of
this higher prevalence of the problem.

2.2 effects and symptoms of des

2.2.1 General Effects of DES

In general, the experience of DES symptoms can lead to a decrease
in quality of life, well-being [134, 182], and productivity [177, 185],
for example, because reading comprehension is worse for digital text
compared to printed text [130]. Besides these impacts on general
health, a high prevalence of DES symptoms is expected to also have an
economic impact, as people tend to make more mistakes when expe-
riencing symptoms and need more breaks [130, 165]. These general
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effects result from the pervasive experience of DES symptoms. The
specific symptoms that people can experience are discussed in the
next section.

2.2.2 Symptoms of DES

The list of symptoms reported as part of DES is comprehensive and
non-specific. Due to the variety in reporting and measuring different
symptoms, a complete list is difficult to obtain.

Sheedy [198] suggests two types of asthenopic symptoms: internal
and external ones. They describe internal symptoms to be felt inside
the eye, including eye strain, eye ache, and headache. Sheedy [198]
points out that they are caused by accommodation and vergence
mechanisms (e.g., accommodative or convergence stress, or uncor-
rected refractive error). External symptoms refer to those symptoms
that are felt on the ocular surface of the eye. They include burning,
irritation, and dryness of the eyes.

Table 3: The classification of DES symptoms according to Blehm et al. [23]
and Sheedy [198]. The symptoms classified by Sheedy are marked
with *, the symptoms classified by both Blehm et al. and Sheedy are
marked with **, and the symptoms classified by only Blehm et al.
are not marked.

Category Symptoms Cause

asthenopic

internal*

dry eyes

sore eyes

tired eyes

eye strain**

eye ache*

headache*

accommodation and

vergence mechanisms**

ocular surface-related

external*

watery eyes

contact lens problems

irritated eyes**

burning eyes*

dryness of eyes*

dry eye & irritation

of the corneal surface**

visual
blurred vision

slowness of focus change
refractive error

double vision

presbyopia
accommodation

extraocular
neck pain

back pain

shoulder pain

presbyopic correction

computer screen location
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The cause for these external symptoms is often due to an increased
eye lid opening when viewing digital devices. As such, a larger por-
tion of the ocular surface is exposed, which leads to dryness and
irritation sensations. Furthermore, contraction of the orbicularis oculi
muscle may lead to eye lid squint, which can result in a reduced blink
rate [198]. Sheedy [198]’s classification is based on an empirical study
in which selected inducing conditions (e.g., eye lids held open, small
font, or upward gaze) were associated with symptoms.

While Sheedy [198]’s classification is restricted to ocular symptoms,
Blehm et al. [23] include ergonomic symptoms, too (see Table 3 for
the classification of symptoms according to Sheedy [198] and Blehm
et al. [23]). Furthermore, Blehm et al. [23] sub-divide the ocular symp-
toms into asthenopic, ocular surface-related, and visual ones. Follow-
ing their classification, asthenopic symptoms include eye strain, tired
eyes, sore eyes, and dry eyes. Ocular surface-related symptoms in-
clude watery eyes, irritated eyes, and contact lens problems. Visual
symptoms include blurred vision, slowness of focus change, double
vision, and presbyopia. Extraocular symptoms include neck, back,
and shoulder pain. This inclusion of extraocular symptoms is not
clearly agreed upon, and there is literature that counts these symp-
toms towards DES [23], while others do not [196, 198]. Teo et al. [221]
even established a link between neck problems and the experience
of DES symptoms. In a survey with 167 participants, the authors
found that people with persistent neck problems had significantly
higher scores for visual symptoms than people without these prob-
lems. These results suggest that even some of the visual problems
might have multifaceted causes, not limited to visual experience only,
but occur also due to ergonomic problems.

The dry eye syndrome [90] or dry eye disease [27] can be considered
a special case here 1. On the one hand, it is understood as a symptom
originating from a reduction of the blink rate or irritation of the ocular
surface [23] when interacting with digital devices. However, it can
also be the cause for other symptoms, such as itching or irritation.
Blehm et al. [23] even describe it as the main contributor to DES. In
this dissertation, we follow Sheedy [198]’s argumentation and count
dry eye towards the external symptoms. All discussed symptoms can
also occur in VR HMDs. However, the devices have also been suspected
to cause specific symptoms, which are discussed in the next section.

1 This can also occur due to external reasons, such as immunologic or hormonal causes
[27]. However this dissertation is solely concerned with the experience of dry eye
because of the exposure to digital displays
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2.2.3 Symptoms Specific to VR HMDs

Some studies investigated DES symptomatology specifically with VR

HMDs. Clinical effects of wearing a VR HMD, e.g., on the refractive
error of the eyes [62] or on the binocular status of the eyes, which
would be an indicator for myopia development [225], could not be
observed after exposure of 30 [62] or 40 [225] minutes. However, one
study reported that a 40-minute exposure to VR HMDs can increase
the outer eyelid and corneal temperatures compared to conventional
display use [226]. Turnbull et al. [226] also observed improvements
in tear film lipid layer grade and tear film breakup time. They argue
that based on these results VR HMDs could even have the potential
to relief dry eyes for computer users. These studies indicate that the
short exposure to VR HMDs does not have clinical effects on the eyes
or a person’s vision. However, long-term investigations that examine
the effects of repeated exposure over a longer duration are currently
missing.

Several studies have compared the symptoms when using VR HMDs
with those experienced in the use of conventional 2D displays. Hi-
rota et al. [70] compared binocular fusion maintenance and subjec-
tive symptoms of twelve subjects before and after performing a task
on a 2D screen and on a VR HMD. They did not find statistically sig-
nificant differences between the two systems in subjective and objec-
tive measurements. Yoon et al. [239] also investigated objective and
subjective symptoms that occurred when using smartphone-based
HMDs in comparison to using smartphones for two hours. In a within-
subject user study with 58 participants, they could confirm that sev-
eral objective measures (monocular near-point accommodation, near-
point of convergence, stereopsis, and exophoric deviation) were sig-
nificantly worse after using the VR HMDs in comparison to the 2D

display. For the subjective self-report measures (e.g., burning, tear-
ing, difficulty focusing for near vision) and neurological symptoms
(headache, dizziness, and nausea), it was also found that the VR HMD

condition caused more severe symptoms than the smartphone condi-
tion. In summary, clinical effects of VR HMDs could not be observed af-
ter 30-40 minutes exposure, but subjectively people reported more se-
vere symptoms after such exposure times compared to conventional
display use. In the following, we discuss how DES symptoms can be
measured.

2.3 measurement methods of des

DES symptoms can be measured objectively or subjectively. Optomet-
ric instruments, such as optometers or autorefractors, can measure
visual functions with great detail and accuracy, such as vergence or
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accommodative responses [185]. Also, eye trackers can measure cer-
tain eye parameters that are objective indicators for DES symptoms,
e.g., eye blinks or saccade dynammics [231]. Optometric measures
are suitable for diagnosis and to provide a detailed report about the
visual functions of the eyes. However, they are difficult to obtain with-
out the expertise of an optometrist. Eye tracking measures are more
practical to use in an HCI scenario, especially with the wider distribu-
tion of mobile eye trackers. They can provide information about users’
blink rate, pupillary dilation, or saccades, which all have been associ-
ated with DES [107, 231]. Subjective measures, on the other hand, rely
on self-reports and are typically presented as questionnaires. They
vary greatly in length and detail. While some questionnaires cover
up to 16 symptoms [82], some researchers also use single-item ques-
tions to assess a general impression of DES, e.g., [129, 161]. In the
following, we will discuss the objective and subjective measures in
more detail.

2.3.1 Objective Methods

The objective measurement of symptoms can be divided into tech-
niques that investigate the sources of internal symptoms, such as
binocular or accommodative anomalies, and the ones that are asso-
ciated with external symptoms referring to the irritation of the ocular
surface. The latter is typically associated with changes in blink rate
or tearing of the eye. An exception is the work by Bhatti et al. [20]
who analyze ocular blood flow as an indicator for DES symptoms and
found an increase of ocular blood flow with increasing subjective eye
strain. However, their method was tested with only five participants
and has to be further evaluated to prove the generalizability of the
method.

Several works investigated binocular and accommodative anomalies
as indicators for internal DES symptoms [23, 198]. This is typically
done by associating binocular and accommodative performance mea-
sures with the participants’ subjective impression of symptoms. Blehm
et al. [23] describe a variety of studies that test accommodative func-
tions (e.g., accommodative facility, static accommodation responses)
as objective predictors of eye strain. However, most of the summa-
rized studies could not find a relation between accommodative re-
sponses and DES suffering. A recent work by Yammouni and Evans
[236] confirms these results. The authors investigated such anoma-
lies in a study with 102 participants who were suffering from DES.
They used a variety of measures, but could not reveal an association
between subjective DES results and binocular or accommodative func-
tions. Similar results were reported earlier by Collier and Rosenfield
[39]. While they could also not show a connection between subjective
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DES scores and accommodative measures, they found that subjects
with a high discomfort score had significantly increased vergence re-
sponses than subjects with a low discomfort score. This might indi-
cate that over-convergence at a close distance might be more comfort-
able than correct convergence. Hirota et al. [69] propose to use binocu-
lar fusion maintenance as mechanism to measure visual fatigue. This
refers to how well a person is able to fuse the two images perceived
by both eyes to one coherent concept in the brain. Hirota et al. [69]
found that the measure was negatively correlated with a symptom
score about general eye strain. DES does not seem to influence binocu-
lar or accommodative functions heavily. Furthermore, their measure-
ment is not very practical for applied settings, as the methods rely on
specialist expertise and devices.

Another set of measurement methods was proposed based on fix-
ation or blink metrics. For example, Abdulin and Komogortsev [2]
propose a “fixation qualitative score” as indicator for the onset of eye
fatigue. The score is calculated as the distance of a measured fixation
in response to a horizontal step stimulus presentation. Grounded in
the results of a user study, the authors suggest to use the fixation
qualitative score as an indicator of DES, as it increased within a ses-
sion. Wang et al. [231] investigate several eye tracking-based mea-
sures to detect DES symptoms, such as fixation, blink, and binocular
disparity metrics. They propose several features sets to predict DES

symptoms with two promising models, one focusing on eye move-
ment data and one on blink data. They argue that both models can
be used to assess DES symptoms and conclude that users can choose
their preferred one. Furthermore, they could be used depending on
the available eye tracking data. In general, blink metrics have often
been applied to measure DES symptoms [91, 92, 123, 151]. It is fre-
quently reported that the blink rate is reduced during digital display
use [23, 217]. However, other studies report that users increase their
blink rate with increasing DES symptoms (symptom “excessive blink-
ing”). Furthermore, changes in blink rate can not only be associated
with DES scores, but also with cognitive demand [61]. Therefore, this
measure is not unambiguous to use and has to be considered with
caution. Another blink-based measure was investigated by Chu et al.
[38]. They found that the number of incomplete blinks was signifi-
cantly higher when reading from a digital screen compared to paper.
However, this was not directly associated with DES symptoms, and
furthermore, other influences, such as cognitive load, cannot be ex-
cluded for this measure either. Yet, the results were confirmed by
Rosenfield et al. [187], suggesting that incomplete blinks play an im-
portant role in the cause of external DES symptoms.
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Furthermore, pupil-based metrics, such as pupil size [107] or pupil ac-
commodation [36], have been proposed as objective measures of DES

symptoms. However, they carry the same difficulties as blink metrics,
as external influences (cognitive [164, 241] and affective factors [156])
cannot be easily excluded.

In summary, the use of objective measures depends on expertise and
task. Internal symptoms are often measured by analyzing binocular
or accommodative eye functions, while external symptoms are usu-
ally associated with blink metrics. When using blink or pupil metrics,
however, one should consider that external factors, most importantly
cognitive load, have also a strong influence. Therefore, they should
only be applied in constraint settings, where these external factors can
be controlled for. Therefore, their potential for practical application,
especially in the context of VR HMDs is questionable. In the context
of a VR HMD applications, such metrics could well be employed for a
diagnostic application. In such a case, the content of the application
could be adapted and restricted from external influences. However,
as an implicit, continuous measure, these techniques are difficult to
employ.

2.3.2 Subjective Methods

The variety in sensitivity and accuracy of subjective self-report mea-
sures is high. As for the range of symptomatology that is typically
covered, some questionnaires cover up to 16 symptoms to get a de-
tailed and differentiated look at symptoms [83], while other researchers
are interested in grasping a general impression of DES symptoms with
a single-item question (e.g., about eye fatigue [8, 142, 161]).

One question is when to assess symptoms. Here, one can differ two
perspectives. One is to get a general impression of the symptoms that
a person is experiencing over the duration of a certain period. The
second one is to measure symptoms at a specific time point. This
is typically used in the evaluation of user interfaces, where a snap-
shot of symptoms is of interest, as this can be used to determine the
symptoms that a certain experimental task is causing. When being
interested in this snapshots of symptoms, Howarth and Istance [82]
argue that measures should be employed before and after an exper-
imental condition to correctly attribute changes in DES symptoms to
the experimental task, in contrast to assessing them after the experi-
mental condition only.

In an early study in 1985, Howarth and Istance [83] investigated the
difference between reported symptoms when asked once in general
(e.g., “how frequently certain symptoms were experienced”) and when
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asked every day. They found an inconsistency among different groups’
reporting behavior (e.g., visual display terminal (VDT) users and non-
VDT users). I.e., when data was recorded with only one question-
naire to cover the whole experience of participants’ symptoms they
reported different symptom severity than when asked every day. This
behavior was different for the investigated groups (e.g., VDT-users vs.
non-VDT-users). These results suggest that a person’s impression of
symptoms might differ in hindsight and, therefore, the instruments
that we use to assess them have to be carefully chosen. Howarth
and Istance [83] asked the participants to indicate how frequently
symptoms occurred (very often (daily), often (weekly), occasionally
(monthly), and never) for the evaluation of symptoms over a certain
time and asked them to indicate whether a symptom was present in a
day for the evaluation of symptoms daily. However, they did not ask
for the intensity of symptoms. With the computer vision syndrome
questionnaire (CVS-Q) Seguí et al. [196] present a questionnaire that
includes both a frequency (number of episodes in a week) and an
intensity scale (moderate, intense). The questionnaire is directed to-
wards office workers and was invented to diagnose them with the
computer vision syndrome (CVS). The questionnaire aggregates the
values for all symptoms into one CVS-Q score, which determines its
use as a diagnostic tool (when a person scores a value higher than 6,
they are diagnosed to suffer from the computer vision syndrome).

Rating Scales to Assess DES

When determining the current state of symptoms, different rating
scales are used. Pain or discomfort is usually assessed with a scale
that indicates symptom severity, typically with a unipolar scale rang-
ing from “not experiencing a symptom at all” to a “very severe expe-
rience of that symptom”. Examples for such labels are “none/severe”
[6, 99], “no discomfort/very bad discomfort” [82], or “nothing/very much”
[242]. Bipolar scales are typically not used, as the opposite of experi-
encing a symptom very severely would be to not experience it at all,
rather than “experiencing it very slightly”. The number of categories
varies significantly among the different scales. The span reaches from
questionnaires providing four categories (e.g., none, slight, moder-
ate, severe [99]) to using visual analog scales (VAS) [34, 199]. VAS are
typically presented as vertical lines spanning from 0 to 100. Some
researchers have also used Likert scales to measure DES symptoms
[160, 161]. Likert scales are used to evaluate a person’s agreement to
a certain statement. Answers are indicated as a value on a scale be-
tween disagreement and agreement, e.g., “The task with this technique
was eye fatiguing” [161, p.5]. Here should also be mentioned that some
of the papers state to measure DES symptoms with Likert scales, ac-
tually use a pain scale, which is mistakenly framed as Likert scale,
e.g., “not fatigued-very fatigued” [139], or “none-extreme” [173]. Another
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form of measurement are semantic differential scales that contrast
two opposite attributes (e.g., “I felt uncomfortable - I felt comfortable”
[142]). Despite these other forms of measurement (Likert, VAS, seman-
tic differential scales), the most common scale seems to be a unipolar
pain scale that reaches from a pole that indicates no experience of
current symptoms to a severe form of experienced symptoms.

2.4 causes of des in conventional displays

Yan et al. [237] suggest to structure the contributing causes to DES

with computer screens with five major factors. These factors are the
computer screen, the computer room, the human eye, the computer user,
and the computer task. The following section will follow a similar struc-
ture, by presenting technology-related causes and human-related causes.
In addition to these, this section discusses task-related causes.

2.4.1 Technology-related Causes

Technical causes refer to the inherent device properties that cause
symptoms of DES. However, the causes are not limited to these as-
pects, but further include symptoms that arise from the environment
in which the devices are used. Therefore, this section lists causes of
the digital screen itself and the environment in which it is used.

Yan et al. [237] list several technical properties of computer screens
that cause DES symptoms, including brightness of the screen, refresh
rate, resolution, contrast, reflection and glare, viewing angle, and the
distance between eye and screen. A list of works have confirmed these
causes (e.g., screen reflection and close viewing distance [202], or lu-
minance [13]). Factors of the environment that influence symptoms
are brightness and illumination [7, 237], temperature, and humidity
[237]. These technology-related causes also apply to VR HMDs, as they
are also digital displays. However, they provide inherent properties
that make their users even more prone to experience DES symptoms.
The specific causes for VR HMDs will be discussed in Section 3.3 as
the result of the second research objective.

2.4.2 Task-related Causes

The task that is performed on a computer is a crucial factor of causing
DES symptoms. A prominent example is reading, which is known to
cause DES symptoms and often used in studies to compare symptoms
between different devices, as it is a task that is commonly executed
on digital displays [37, 84, 154]. Other factors related to DES might be
cognitive demand. In a study by Rosenfield et al. [187], participants’
blink rate changed significantly with varying cognitive demands, but
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not with the form of presentation (tablet and print). The authors con-
clude that DES symptoms might therefore not be produced by a de-
crease in blink rate, but rather by the incompleteness of blinks or a
higher corneal exposure of the eye.

2.4.3 User-related Causes

User-related causes refer to the properties of the users who use a
digital display. For this, we consider general causes and causes that
are specifically addressing the eyes.

2.4.3.1 General user-related causes

Besides the eyes, several characteristics of users contribute to DES

[237]. First of all, people with eye diseases or visual problems are
specifically prone to suffer from DES [195, 234]. This is not only due
to the problems that people have with viewing the content currently,
but is also related to the vision aids that they use to correct vision
problems. Several studies confirmed that people who regularly wear
contact lenses experience more severe symptoms than people who
are not using them [1, 132]. Users who wear contact lenses, for exam-
ple, are at risk of suffering more from dry eyes caused by the lenses
[143, 144]. In general, people who are wearing corrective glasses or
contact lenses usually have vision problems, such as accommodative
disorder, binocular vision disorders, or refractive error and are partic-
ularly prone to experience DES [237].

Besides this first vulnerable group, other factors drive DES in users,
such as age or gender. Children who are repeatedly exposed to digi-
tal screens for longer periods are at a higher risk of developing pre-
mature myopia (nearsightedness) [237]. However, also older adults
are more prone to DES, as they might already be preexposed to
other eye and vision problems [186]. Furthermore, several studies
suggested that women experience DES symptoms more prevalent and
more severely than men [18, 165, 193, 194, 220].

2.4.3.2 Eye-related causes

Besides these external user-driven influences, human causes for DES

symptoms are mainly related to the eyes. As Yan et al. [237] point out,
the human eye has evolved to view comfortably at far distances. As
computer displays are put closer the the user, the constant focus on
close displays tires the eyes. As the second major contributor to DES

symptoms, Yan et al. [237] describe changes in tear dynamics. Several
works have confirmed that looking at computer screens reduces the
blink rate up to 3-4 blinks per minute, summarized by Rosenfield
[185]. A number of researchers also point out that not only the blink
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rate decreases, but also that the completeness of blinks is reduced
when looking at a computer display in comparison to a printed hard
copy [38]. However, not only the number of blinks is reduced, but
also the eye opening changes. Yan et al. [237] point out that gazing in
a steeper angle leads to more open eyes, which causes interruptions
in the healthy tear film that usually lies on the eyes. Thirdly, constant
refocusing of the eyes is required when looking at computer screens,
as the eyes have difficulty in focusing on the symbols presented on
a display because of their poor edge resolution [237]. This constant
refocusing from the resting point to the screen causes fatigue of the
eye muscles, and consequently leads to DES [237].

2.5 treatment and alleviation approaches

This section discusses treatment methods and alleviation approaches
to reduce or prevent DES symptoms. It starts with discussing medi-
cal treatments for the problem. Then, technical devices and software
applications are discussed that were proposed to alleviate symptoms.
Furthermore, two specifically promising approaches that are impor-
tant for the context of this work (blue light filters and eye exercises)
are presented. The following discussed literature focuses on general
treatment and alleviation approaches that are not specific to VR HMDs.
This is mostly, because only very little research has been conducted
in this domain and solutions to DES in VR HMDs are currently lacking.

2.5.1 Medical Treatments

DES, in particular, dry eye has long been recognized as a medical
condition. Therefore, several methods exist to treat the problem med-
ically, ranging over omega-3 fatty acids [19], eye drops [205], or blink
exercises [102]. However, as this dissertation has an HCI focus, in the
following, hardware and software approaches are discussed that were
presented as an approach to alleviate symptoms while using the dig-
ital device.

2.5.2 Technical Devices

A number of glasses-based devices have been proposed to alleviate
DES symptoms. In general, smart glasses have the potential to help in
addressing DES symptoms due to their proximity to the user’s eyes.
The Tiger [121, 136] system is based on regular glasses, enriched with
sensors that measure a user’s distance to a screen and vibration ac-
tuators to remind users to take a break and follow the 20-20-20 rule2.

2 The 20-20-20 rule indicates that digital screen users should look 20 feet away from
the screen every 20 minutes for 20 seconds to prevent DES symptoms.
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Nine of ten participants in a user study to evaluate the system con-
firmed that the device helped them to follow the 20-20-20 rule and
that they felt it helped for their eye health [136]. However, as the evalu-
ation was limited to two hours per participant, long-term results have
to be further investigated. DualBlink by Dementyev and Holz [47] is a
glasses-based device that was built to physically actuate blinks using
three methods. Dementyev and Holz compared the use of a signaling
light, physical taps on the user’s skin near the eye, and a small jet of
air in the eye area. The system was evaluated in a user study with
12 participants who used each of the actuators for eight minutes. The
physical tap was able to increase the blink rate significantly, while the
other two actuators did not show an improvement in comparison to
a baseline condition. Other forms of these devices were proposed, for
example, a wearable humidifier for the eyes [218]. For the typical of-
fice setting, other solutions were proposed that address the position
of the digital screen, e.g., the automatic adjustment of a computer
screen [113].

These devices are prototypes and do typically not progress towards
consumer devices. Furthermore, they are difficult to integrate into VR

HMDs, e.g., due to a lack of space. While these technical solutions
require a change of the technical set-up, another type of solutions is
application-based and can be integrated by software.

2.5.3 Applications

Several works have investigated the use of active or passive reminders
to decrease DES symptoms in computer users, often by reminding
users either to blink more often or to take breaks from looking at the
screen. Widyantara and Puspasari [233] investigated the use of visual
and acoustic cues to increase blink frequency. The visual and acous-
tic cues appeared every five seconds during a reading task. The study
results indicated that the use of visual cues were better in increasing
blink rate than the acoustic reminders. Crnovrsanin et al. [44] inves-
tigated three different visual notifications on their effectiveness in re-
minding users to blink more often when interacting with computer
screens. They compared a blurred screen with a flashing border stim-
ulus, a flash on the screen, and pop-up notifications. The results of
an evaluation user study show that all stimuli were effective in in-
creasing the blink rate. In terms of user preference, no stimulus was
preferred over the others. However, the flash stimulus was the least
liked one. Ho et al. [77] developed the application EyeProtector that is
able to detect a healthy smartphone viewing distance. If the distance
is falling short, the user is warned with four different types of notifi-
cations, including push notifications, blur, flashing border, and a red
dot at the top of the screen. The system was evaluated in a user study
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in which participants preferred the non-interrupting conditions over
the interrupting one. In summary, all four methods were effective in
helping users maintain a healthy viewing distance. Kim et al. [106]
and Erickson et al. [51] adapted the dark mode that is often used for
2D displays to optical see-through HMDs to test the effects on DES

symptoms. They found that the dark mode (white text, dark back-
ground) significantly reduced DES symptoms in comparison to the
light mode (black text, white background).

Lawanont et al. [119] propose a system that detects unhealthy neck
positions for smartphone users, thus addressing ergonomic symp-
toms that are counted towards DES by some authors. A similar sys-
tem that does not prevent an unhealthy neck position, but that re-
minds users to take a break from looking at the display is proposed
by Jumpamule and Thapkun [94]. By dimming the computer screen
regularly, Julius and Mustapha [93] go even one step further and
provide a rather intrusive application that requires users to take fre-
quent breaks by dimming the display and disabling the mouse and
keyboard. Although the system received a good usability score in
an evaluation with ten participants, it is questionable whether users
would actively use such a system in a real-life setting.

These approaches are often tailored towards computer screens and
are actively interrupting users in their use. In the following, we dis-
cuss two approaches that seem particularly promising to be inte-
grated into device use. As such, they have the potential to be inte-
grated into VR HMDs, too.

2.5.3.1 Blue Light Filters

Blue light filtering is a widely propagated method to prevent DES

symptoms in digital devices. It has been shown by several studies
that the strength of the blue light emitted from digital devices is not
strong enough to cause cell damage [200]. While some studies report
a positive effect of blue light filters on DES symptoms [86], the major-
ity of studies could not find a statistically significant effect of apply-
ing blue light filtering contact lenses [188] or screen filters [152, 171]
to reduce symptoms. These results question the use of blue light fil-
ters to reduce DES symptoms in conventional digital displays. While
it might work for some people, the method does not seem to be an
effective method that can uniquely be applied. In terms of VR HMDs,
manufacturers have recently added blue light filters to their devices
(e.g., ”night mode“ on the Oculus Quest 2

3). However, empirical in-
vestigations of the effect of such filters are currently missing. There-

3 © Facebook Technologies, LLC.: https://www.oculus.com/quest-2/, last retrieved:
January 03, 2022
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fore, we investigated the application of blue light filters as a mean of
reducing DES symptoms in VR HMDs (see Section 3.4),

2.5.3.2 Eye Exercises

A solution known from the field of vision therapy are eye exercises
[169]. These are short visual tasks to help reduce convergence insuf-
ficiency, strabismus [80], or amblyopia [21, 22, 57]. However, as this
dissertation is not concerned with clinically relevant conditions, it
will focus on a set of eye exercises that are applied to reduce DES

symptoms. First explorations were conducted to apply eye exercises
for VR HMDs to reduce DES symptoms. In an initial study, Thai et al.
[222] compared the application of such exercises in VR with outside
VR and could find a slight reduction of subjective DES symptoms in
VR, although not statistically significant. Vasiljevas et al. [227] showed
how such eye exercises could be implemented in an encouraging way
for users by integrating them into a game. Overall, these first explo-
rations of eye exercises as an alleviation technique for DES symptoms
seem promising. The solution would also be desirable, as it does not
rely on external technical instruments and could even be integrated
into game mechanics or, more general, user interface elements. We
investigated the use of eye exercises as alleviation technique of DES

symptoms in VR HMDs in Section 3.4.

2.6 other discomfort types in vr hmds

This dissertation focuses on the experience of DES symptoms in VR

HMDs. However, to be able to position this work within the broader
context of general discomfort in VR HMDs, other symptom categories
have to be considered as well. Most prominently, people experience
simulator sickness when using VR HMDs. Furthermore, being wear-
able devices, VR HMDs also put physical strain on users caused by
their form factor, which results in ergonomic symptoms. Therefore,
we will discuss these two fundamental symptom types in the follow-
ing and highlight their relation to DES.

2.6.1 Simulator Sickness

Users of simulation technology have reported sickness symptoms
since the early usage of this technology. In general, simulator sickness
is considered a sub category of motion sickness [99]. While, similar
to DES, simulator sickness is polygenic [98], researchers agree on vec-
tion being the main cause [68]. Vection describes the illusory feeling
of self-motion [67]. Three main theories exist that explain the occur-
rence of simulator sickness: the sensory conflict theory [170], the pos-
tural instability theory [176], and the poison theory [224]. Scientific
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consent points towards the sensory conflict theory as the dominant
theory [170]. This theory states that the body is not able to properly
handle the difference in perceived locomotion (as perceived by the
inner ear) and visual motion (as perceived by the visual system). In
1993, the SSQ was developed to assess sickness symptoms experienced
by pilots during flight simulator training [99]. Over the years, the SSQ

has become the standard measure to assess sickness symptoms expe-
rienced with simulation technology, including VR HMDs. The reasons
why this is the case are discussed in Section 3.5. To understand the
relation of simulator sickness and DES, this questionnaire has to be
analyzed more precisely, as basically our understanding of simula-
tor sickness is closely related to this questionnaire. Several critiques
have been brought forward that question the application of the SSQ

as adequate measure for sickness symptoms in VR HMDs. These are
discussed in the next section. Then, we discuss the difference of sim-
ulator sickness and DES.

2.6.1.1 Critique on SSQ

Several critiques were brought forward that criticize the SSQ’s ability
of an adequate simulator sickness measure of modern VR technology.
As such, it has been criticized that the questionnaire has a correlated
factor structure, i.e., several symptoms are considered by more than
one subscale. The questionnaire consists of three subscales (oculomo-
tor, disorientation, and nausea). This three-factor structure was re-
vised a number of times. For example, by Bouchard et al. [25], who
propose a two-factor model that eliminates the disorientation com-
ponent. Balk et al. [11] also propose a revised structure. While they
found similar factor loadings as the SSQ, they revealed five symptoms
without a clear subscale that they belonged to (blurred vision, burp-
ing, fatigue, fullness of head, and headache). Another revision was
done by Bruck and Watters [29]. They derived a four-factor model
(arousal, cybersickness, fatigue, and vision), which, however, also pro-
duced correlated factors.

Furthermore, researchers have suggested the SSQ’s limited suitability
for symptoms in VR HMDs. Sevinc and Berkman [197] examined the
construct validity of the original SSQ and two modified versions of it
(virtual reality sickness questionnaire (VRSQ) [103] and cybersickness
questionnaire (CSQ) [208]). They found that the modified versions
were more sensitive in revealing symptom differences between
different VR applications than the original SSQ. These results suggest
that the modified versions might be better for the assessment of sick-
ness symptoms in VR HMDs than the original SSQ. Furthermore, the
sample that was used to develop the questionnaire was a male-only
expert sample (pilots). Therefore, it is biased towards a male sample
and does not take into consideration that women might be more
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susceptible to visually induced motion sickness [55] and might be
affected more severely by symptoms than men [4, 17, 127].

Difference of DES to Simulator Sickness.

Simulator sickness and DES are not easily distinguishable. As dis-
cussed earlier, currently, there is no standard instrument that is used
to assess symptoms affecting the eyes when using VR HMDs, and of-
ten the SSQ is used for this purpose, although only one of its subscales
addresses symptoms affecting the eyes (oculomotor subscale). Due to
this oculomotor subscale, symptoms of DES are typically considered a
part of simulator sickness, when occurring during VR HMD use. How-
ever, several attempts have been made to distinguish symptoms that
affect the eyes from the general construct of simulator sickness, and
particular questionnaires have been developed to assess such symp-
toms. Kuze and Ukai [114] developed a questionnaire to particularly
assess symptoms when viewing “motion images” (though not specif-
ically for HMDs). To develop the questionnaire, a set of studies was
conducted where participants reported 28 symptoms. Using a factor
analysis, Kuze and Ukai found five main factors: eye strain, general
discomfort, nausea, focusing difficulty, and headache. This question-
naire does not focus on symptoms that affect solely the eyes, but
includes symptoms that are more attributed to the motion conflict,
including dizziness or vertigo. Ames et al. [6] developed a question-
naire that is directly targeted towards “virtual reality viewing using a
HMD”. It includes five ocular and eight nonocular symptoms, which
are measured on a 7-point symptom severity scale with four descrip-
tors (none, slight, moderate, and severe). The questionnaire was de-
veloped from 23 symptoms (11 ocular and 12 nonocular). The final
symptoms are very similar to the ones assessed by the SSQ. How-
ever, this questionnaire provides more specific symptoms for the eye-
related symptoms (tired eyes, sore/aching eyes, eyestrain, blurred vi-
sion, difficulty focusing). Kim et al. [103] proposed the VRSQ, a mod-
ified version of the SSQ. Similarly to the questionnaire by Ames et al.
[6], the VRSQ provides two main components, one related to ocular
symptoms and one that the authors call “disorientation”. These ques-
tionnaires aim at revising the SSQ by proposing an updated factor
or symptom structure. However, a questionnaire that explicitly ad-
dresses eye or vision-related symptoms stemming from VR HMD us-
age has not been proposed so far.

There has been some discussion about the administration practice of
the SSQ. Arguments were made for administering it before and after
an experience versus employing it only after the experience [6, 240].
This is especially important for DES symptoms. In contrast to feelings
of simulator sickness, DES symptoms are often experienced through-
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out the day. Therefore, participants are more likely to already expe-
rience symptoms when starting the experimental task than partici-
pants of simulator sickness studies. One precondition for administer-
ing the questionnaire was given by Kennedy et al. [99]. They state
that the questionnaire should be employed post-exposure only. How-
ever, experimenters should ensure that before the exposure people
were not experiencing any symptoms. This is hardly possible for DES

symptoms, with people living in our digital society, where they are
constantly exposed to digital devices. Therefore, it seems that apply-
ing the questionnaire before and after the experience to measure DES

symptoms yields more accurate results.

As demonstrated by these prior works, it has been a challenge for the
research community to differ the two concepts simulator sickness and
DES. This dissertation makes a suggestion to differ these two concepts
and define their relation to general discomfort in VR HMDs, which is
discussed in Section 3.5.

2.6.2 Ergonomic Symptoms

Ergonomic symptoms are typically neglected when researching sick-
ness or discomfort symptoms in VR HMDs. However, as VR HMDs
are wearable devices that are worn on the users head, the form fac-
tor or attachment of the devices might also cause symptoms [109].
The weight, size, and comfort of the headset is important to users
and significantly influences their decision when buying a device [58].
Furthermore, Knight and Baber [110] found that users significantly
change their neck posture when wearing a VR HMD and that this
can cause stress on the musculoskeletal system. Users adapt to such
symptoms by buying pads that alleviate the uncomfortable pressure
of the device on their forehead and cheeks.

These ergonomic symptoms are inherently connected to the form fac-
tor of the device, which might change significantly with the develop-
ment of the devices. Yet, it should not be neglected that and how these
symptoms can contribute to users’ overall experience of discomfort.
Eventually, this might also influence the experience of other types of
symptoms. Therefore, this dissertation analyzes the relation between
symptoms of DES, ergonomics, and simulator sickness in Section 3.5.
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P E R S P E C T I V E O N D E S I N V R H M D S

This chapter summarizes the contributions and main findings of the
four research objectives of this cumulative dissertation. The chapter
first introduces the two views (user and technology) that this the-
sis adopts on the analysis of DES in VR HMDs. Then, for each of the
four research objectives, the thesis states the respective research ques-
tions, details the main findings, declares the specific contributions,
and highlights their relevance in the wider context of this thesis’s
main objective.

3.1 a user-driven and a technology-driven view

This thesis applies two complementary views on the problem of DES

in VR HMDs: a user-driven and a technology-driven one. These two views
together determine the interactive system (user/VR HMD) that is the
key interest of this dissertation. From a broader perspective, this ap-
proach reflects on the fundamentals of HCI, which in its name reflects
the two inherent elements, human and computer, that are at the core
of any interactive system. Hereby, it is important to emphasize that
the field of HCI focuses on the human factor in computing systems,
as from the term human-computer interaction the assumption arises
that both elements are equally important. More precisely, the field
addresses human-related opportunities, challenges, and problems that
occur with computing systems. Problems with computers can be of
several types, such as when a computer’s functions cannot satisfy a
user’s intentions (gulf of execution [146]), or when a user’s knowl-
edge does not suffice to interpret a computer’s state (gulf of evalua-
tion [146]). This dissertation focuses on one specific problem, which
is a user being harmed from the interaction with a computer.

With these two views, the dissertation covers influences that stem
from the user-side and from the technology-side separately. Naturally,
problems in a computer system occur only because a user is affected
by it (it is not that computers have problems that are unrelated to their
users). In conclusion, technology-driven problems are only problems,
because they create a problem for the user of the system. That being
said, this dissertation applies a user-driven and technology-driven
view, which are detailed in the following.

35
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User-driven (active) Technology-driven (passive)

DES

Figure 2: The dissertation adopts a user-driven and a technology-driven
view on the research objectives.

The two views distinguish between active and passive interaction (see
Figure 2). With active interaction we refer to the user-driven view
and with passive interaction we refer to the technology-driven view.
The user-driven view reflects on issues that arise mainly from the
user’s side of the interactive system. The technology-driven view cov-
ers influences stemming from the technology part, i.e., from the VR

HMD. As this dissertation is primarily concerned with eye and vision-
related problems that occur when interacting with VR HMDs, the eyes
are the primary modality of interest and as such, we focus on eye-
based interaction. When considering user-driven influences, we dom-
inantly focus on the issues that arise from using the eyes actively as
an interaction modality. On the technology-driven side, we consider
the properties of the technology that the user is only passively inter-
acting with, e.g., by passively looking at the screen. The continuum
of eye tracking applications by Majaranta and Bulling [128] (see Fig-
ure 3) serves as the foundation to determine the difference between
active and passive eye-based interaction. In the following, we will
shortly introduce eye-based HCI, which highlights the role of the eyes
in active and passive gaze interaction.
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Figure 3: Continuum of eye tracking applications from Majaranta and
Bulling [128].

eye-based hci . The eyes have evolved as passive organs that ob-
serve the environment. However, in eye-based HCI they get a second
role as active contributors [88, 128]. Eye-based HCI has different man-
ifestations and reaches from using the eyes as passive sensors that
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we can employ to learn about the user (e.g., about cognitive or af-
fective processes [79, 95, 118]), to an active input method, where the
eyes are used as an active input technique to perform an input event
on a user interface [128]. Traditionally, eye-based HCI has been inves-
tigated and developed interaction techniques for 2D displays, such
as smartphones [100, 153], smartwatches [54], or ambient displays
[228, 243, 244]. Thus, in eye-based HCI, gaze has dominantly been un-
derstood as a 2D point on a 2D surface. This abstracts from the depth
component of the human gaze by reducing it to a 2D point on a flat
surface. With the introduction of spatial interaction devices, such as
VR HMDs, this understanding is challenged. Considering that spatial
interaction devices inherently rely on 3D information, the depth com-
ponent of a gaze point should be integrated into eye-based interaction
on such devices. However, the measurement of such a 3D gaze point
is challenging both due to technical and perceptual limitations, which
could explain why several works continue with the 2D concept of gaze
on spatial interaction devices (e.g., VR HMDs [42, 219] or augmented
reality (AR) HMDs [116]) or add another modality to gaze interaction
in VR [162].

Visual depth perception is driven by three eye functions that are in
constant interplay with each other: vergence, accommodation, and
pupillary constriction [122]. “Vergence refers to the simultaneous in-
ward or outward rotation of the eyes”[3] and is evoked by binocu-
lar disparity, i.e., the eyes perceive two slightly different images that
are merged to one coherent image in the brain [46]. Accommoda-
tion refers to the eye lens bending to change its focus length and is
evoked by retinal blur [28]. Lastly, pupillary constriction changes the
focus depth by controlling the light that is entering the eye [216]. In
eye-based HCI gaze depth estimates have dominantly focused on the
measurement of vergence responses [49, 141, 158, 159]. This can be ob-
tained by an eye tracker [49, 141], while accommodation responses are
measured with autorefractors that are difficult to integrate into inter-
active systems. However, there have been attempts to integrate them
into HMDs [112]. Still, the measurement of accommodation would not
result in a specific point of interest (as vergence does), but rather in
the depth plane a user is looking at. The pupil is known to be an indi-
cator of many brain processes (e.g., cognitive and affective [156, 164]),
and is therefore unsuitable to be used as a gaze depth estimate in an
applied setting.

In the following, we highlight why this shift in perspective in gaze
interaction with spatial devices is important to analyze to fundamen-
tally understand the interaction between user and VR HMD.
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3.2 user-driven and technology-driven properties

The foundation of this thesis is the analysis of user-driven (percep-
tual) and technology-driven (technical) properties and requirements
of the interactive system of interest (user-VR HMD). These properties

[Core 1]
CHI 19

and requirements have to be analyzed to be able to determine the
interaction opportunities and to reveal fundamental challenges that
arise from this combination. The results of this first research objective
are published in the first core publication [Core 1].

Technology-driven (passive)

properties

User-driven (active)

properties

DES

Figure 4: The first research objective of this thesis investigates user-driven
and technology-driven properties.

3.2.1 Research Questions

RQ 1.1 What are the user-driven (perceptual) properties that influence
the interaction on VR HMDs?

RQ 1.2 What are the technology-driven properties of VR HMDs that in-
fluence interaction on VR HMDs?

RQ 1.3 How can the opportunities and challenges of the interaction
between user-driven and technology-driven properties be ana-
lyzed?

3.2.2 Background & Motivation

We argue that to holistically cover and understand the problem of DES

in VR HMDs, we have to systematically analyze the foundations of the
interaction between the eyes and the technology (VR HMDs). As such,
we can identify the key challenges, but also the potential and oppor-
tunities of this combination. The analysis of eye-based interaction on
VR HMDs requires a shift in perspective of gaze interaction from 2D

to 3D. To that end, we present a systematic analysis of how 3D gaze
interaction on VR HMDs can be conceptualized by presenting a design
space.
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3.2.3 Contributions and Main Findings

The first core contribution of the thesis is a 2D design space, cover-
ing the perceptual properties of human depth perception and the technical
properties of HMDs on each one dimension (see Figure 5). It presents
two parameters oculomotor depth cue and ocularity on the dimension
for human depth perception. The parameter oculomotor depth cue
has two values: vergence and accommodation. These two properties
of the eyes mainly drive the perception of depth information of the
visual system and can be measured in an applied scenario. The pa-
rameter ocularity has the two values monocular and binocular, which
define whether a measurement of both eyes is necessary to assess the
required gaze depth information. On the dimension of technical prop-
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Figure 5: The basic structure of the design space, which is the main contri-
bution of the first core publication [Core 1] of this dissertation. The
Figure is an adapted version of Figure 2 in [Core 1]. It is modified
with permission from the authors of [Core 1].

erties of HMDs, the design space presents three parameters: device type,
display type, and world knowledge. The device type is divided into the
two currently dominant mixed reality device types AR and VR. The
display type is represented by the two values monoscopic and stereo-
scopic, which define whether a virtual image is presented to only one
or both eyes. Lastly, the parameter world knowledge is represented
by either full or none. The design space is presented as a 2D matrix
(also known as Zwicky box [246]). Figure 5 shows the final structure
of the design space, after applying the steps required by a morpho-
logical analysis [246], i.e., after removing the impossible or irrelevant
combinations of parameter values.

The design space presents three views determining its content:
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1. The technology-based view allows for a structured analysis of cur-
rent and future devices that determine the practical implemen-
tation of content.

2. The application-based view classifies use cases or application sce-
narios that take place at the intersection of gaze interaction and
HMDs.

3. The interaction-based view defines on a granular level what inter-
actions are possible in the defined space.

The main value lies in the interplay between the three views of the
design space. By switching through the layers or views of the design
space, technical requirements can be found for specific application
scenarios. It can also be used to determine alternative implementa-
tions or sensors that could be used to realize a certain interaction
technique.

This work further provides two usage techniques to determine the us-
age of the design space:

1. The first technique is to classify different content types into the
structure of the design space. This allows to discover alternative
implementations or device types that could be used to realize
an interaction technique.

2. The second technique is to use the design space for ideation (i.e.,
idea generation). By providing a structure, consisting of several
elements, new combinations or ideas can be derived using dif-
ferent aggregation techniques of these elements.

3.2.4 Relevance

This first core contribution of this dissertation provides a structured
design space to identify user-driven and technology-driven proper-
ties of the interaction between human (in particular the eyes) and VR

HMDs. It builds the foundation of the thesis by providing a formal-
ization of the two parts of the interactive system (user and VR HMD)
of relevance. The design space can be used by researchers and prac-
titioners to think about this combination and it allows to discover
challenges, as well as opportunities. As such, it provides a stepping
stone for other researchers who work at the intersection of gaze inter-
action and HMDs. For this thesis, it lays the foundation and identifies
the properties that have to be further investigated. Following a struc-
tured analysis, it also shows conflicts between human perception and
technological properties, e.g., the VAC that describes problems in hu-
man depth perception and technical depth representation and can
lead to DES symptoms. The next section will focus on identifying the
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exact causes of DES and will assign them to either the user or the
technology side of the interaction.

3.3 user-driven and technology-driven causes

The first research objective (properties [Core 1]) showed that the in-
teraction between users (specifically the eyes) and VR HMDs carries
potential for conflicts at the intersection of human depth perception

[Core 2]
ETRA 20

(user) and technological depth representation (VR HMD). One of these
conflicts is DES. The second research objective of the thesis is on the
specific causes of DES in VR HMDs. This is published in the second
core publication of the dissertation [Core 2].

User-driven (active)

causes

Technology-driven (passive)

causes

propertiesproperties

DES

Figure 6: The second research objective of this thesis investigates user-
driven and technology-driven causes.

3.3.1 Research Questions

RQ 2.1 What are the user-driven causes that contribute to DES in VR

HMDs?

RQ 2.2 What are the technology-driven causes that contribute to DES in
VR HMDs?

3.3.2 Background & Motivation

As outlined in the introduction, DES has long been recognized as
a severe health problem with conventional displays, but not with
VR HMDs. While some works exist that investigate specific causes of
DES on VR HMDs, a structured and comprehensive analysis of these
causes is missing. Furthermore, prior works on individual causes
have dominantly been conducted in the medical sector [23, 186] and
have concentrated on technology-driven causes, such as display prop-
erties [106, 245]. However, user-driven causes are largely unknown.
To address these limitations, this second research objective investi-
gates causes of DES with digital devices in general. Hereby, the focus
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Solution Cause Symptom
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Figure 7: An overview of the relationship between solutions and causes re-
vealed by the literature survey presented in [Core 2]. This Figure
was already published in the original publication [Core 2]; its cap-
tion was adapted.

is expanded towards general digital devices, as VR HMDs are such
devices, too, and, as such, inherit some of the problems that exist
with digital display-based devices in general. Similar to the proper-
ties, the causes are investigated from a user-driven and technology-
driven view, identifying causes that can be assigned to each one indi-
vidual side. The user-driven side hereby refers to the problems that
arise from the user actively performing an input event with their eyes
(explicit eye-based interaction). The technology-driven side refers to
the problems that are caused by the device itself (e.g., screen proper-
ties).

3.3.3 Contributions and Main Findings

The main contribution is a literature survey, covering 137 papers that
were published over the last 46 years. The survey considers literature
at the intersection of HCI and DES. The search term was based on an
interaction-related and a DES-related set of keywords, with the aim to
include all relevant literature in HCI that dealt with DES. The result-
ing papers were filtered according to previously defined exclusion
and inclusion criteria. The final set of papers was then synthesized
according to whether they presented an assessment method, investi-
gated a cause or a solution to DES, and whether the paper presented
relevant findings of a user study on DES. Based on the analysis of the
surveyed papers, this second core contribution presents a number of
challenges and recommendations to deal with DES in interactive sys-
tems.

The survey results suggest the following dominant user-driven and
technology-driven causes:
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• User-driven causes: prolonged fixation duration, large number
of long saccades

• Technology-driven causes: close viewing distance, display and
user interface properties, vergence-accommodation conflict

An overview of the causes and solutions is shown in Figure 7. The
first main finding is that the user-driven causes are so far neglected
in the investigation of DES with interactive display-based systems and
the main research efforts concentrate on the technology-driven causes.
This is because such user-driven causes are usually not the focus of
attention. It rather seems that there is a mismatch of awareness and
action to this problem: Many researchers seem to be aware of the
problem of DES, but do not take further actions to address it. This is
particularly relevant for user-driven causes (e.g., explicit gaze interac-
tion). Using the eyes as an active input method for a user interface
introduces unnatural viewing behavior (e.g., a large number of long
saccades or prolonged fixation duration). The evaluation of such tech-
niques sometimes considers that the technique might cause fatigue,
but this is only rarely addressed or discussed when such a technique
is presented. The second main finding is that the assessment of DES in
controlled studies is complex and there is no generally agreed upon
standard measure. Thus, results among different studies are difficult
to compare and therefore such analyses are currently mostly missing.
The third main finding is that when it comes to solutions, it seems
that integrated solutions would be desirable for users. Solutions fur-
ther require a high level of flexibility, as they should adapt to users’
preferences and context of use.

3.3.4 Relevance

The lack of user-driven, and in general adaptable and easy-to-integrate
solutions is concerning. The second research objective of the thesis re-
vealed that user-driven causes of DES in VR HMDs are rising and with
it the need for suitable solutions. Furthermore, it showed that the
technology-driven causes are widespread and omnipresent in digital
device use. Furthermore, these investigations reveal a crucial lack of
awareness to DES in the current landscape of digital device use.

3.4 user-driven and technology-driven solutions

The third research objective of the thesis is primarily concerned with
the design and evaluation of user-driven and technology-driven so-
lutions to DES in VR HMDs. The development of these builds on the

[Core 3]
TOCHI 22

findings of the second research objective (causes [Core 2]) that high-
lights a lack of easy-to-integrate solutions. The research presented in
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the following is accepted for publication in the third core publication
[Core 3].

causes
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Figure 8: The third research objective of this thesis investigates user-driven
and technology-driven solutions.

3.4.1 Research Questions

RQ 3.1 How can user-driven solutions be designed to alleviate DES in
VR HMDs?

RQ 3.2 How can technology-driven solutions be designed to alleviate
DES in VR HMDs?

3.4.2 Background & Motivation

The first two research objectives (properties [Core 1] and causes [Core
2]) reveal that the interaction of users with VR HMDs carries unique
properties leading to DES and that solutions to the causes of this prob-
lem are missing. The search for solutions to DES is challenging, as the
problem does not have an explicit onset, but rather occurs over a
longer time period. Consequently, solutions could prevent the prob-
lem or alleviate it. As solutions to such subtly starting problems as
DES are often ignored by users, it is important to consider the users’
requirements in the design process. Lastly, in the design for solutions,
we should consider that there might be other external factors that
further influence the problem. Therefore, the last part of this work
looks into external user-driven factors that are not directly part of the
interaction (i.e., susceptibility and biological sex), but could have an
influence on the severity and prevalence of DES symptoms.



3.4 user-driven and technology-driven solutions 45

3.4.3 Contributions and Main Findings

This third core contribution is threefold. Following a user-centered
design process, it first aims to understand the context of use by con-
ducting an online survey with current VR HMD users. Then, two solu-
tions are designed following the users’ requirements as articulated in
the survey. These solutions are evaluated based on three user studies.
Finally, a comprehensive analysis reveals common key factors and
commonalities among the studies. The three contributions are in par-
ticular:

1. Understanding: First, we present an online survey with current
VR HMD users that asks them about the prevalence and severity
of symptoms they experience when using their devices. Further-
more, the survey reveals insights about coping strategies that
they employ to alleviate symptoms.

2. Addressing: To address DES in VR HMDs, we present a user-driven
and a technology-driven solution. The solutions are evaluated
by three user studies, revealing that eye exercises (user-driven),
but not blue light filtering (technology-driven) can reduce and,
to a certain extent, prevent the occurrence of DES.

3. Analysing: We present an analysis to reveal underlying user-
driven key factors that drive DES in VR HMDs. These findings
are integrated into a set of 10 key challenges that should be
addressed in this emerging research area.

understanding . The first main finding is that current VR HMD

users are experiencing DES symptoms on a regular basis. The sur-
vey revealed that 37% of the respondents experienced symptoms oc-
casionally while using a VR HMD and 10% stated that the often or
always experiences symptoms. For 35% of the respondents the symp-
toms stayed after usage, too, and for the majority (63%) the symptoms
typically subsided within one hour after usage. In a comparison of
symptoms that occurred with VR HMDs with symptoms that occurred
with conventional display, the majority of respondents (54%) stated
that they experienced symptoms more often with VR HMDs, as op-
posed to equally (22%) or the other way around (24%). The survey
respondents also answered a modified CVS-Q [196] to indicate their
level of DES symptoms. The results revealed that 53% of the respon-
dents yielded a score of 6 or higher, which indicates that they might
suffer from CVS.

The respondents’ preferences for solution design are that solutions
should be easy to use and, at best, be integrated into device use,
such that no explicit actions are required. Currently, the respondents
stated that they most often closed their eyes or discontinued device
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use when symptoms occurred, which highlights that most current VR

applications do not consider DES as a problem and that there is a lack
of built-in alleviation techniques.

addressing . In the next step, we designed and evaluated two
solutions that would be easy to integrate into device use. We inves-
tigated blue light filtering as a popular approach that is offered by
VR HMD manufacturers and often propagated as a potential solution
to DES symptoms [86, 171, 204]. However, currently no empirical in-
vestigations have come forward that would support this hypothesis.
The second solution that we built is based on eye exercises. These are
short visual tasks that trigger different eye muscles with the aim to re-
lieve tension and alleviate DES symptoms (see Figure 9 for a schematic
depiction of them). The blue light filtering approach is a technology-
driven solution, as it is integrated into the application and triggered
without asking explicit input from the user. The eye exercises are a
user-driven solution, as they are implemented as visual tasks that
the user has to perform actively. Both solutions were evaluated with
custom-built VR applications. The blue light filtering approach was
evaluated with a rhythm game application based on the game Beat-
Saber1 and the eye exercises were evaluated with a word search puz-
zle application (see Figure 10 for a screenshot of the applications).

We found that the blue light filtering approach was not successful
and could not contribute to a reduction of symptoms in a user study
with 28 participants. However, the eye exercises that were designed
as user-driven solutions were successful in reducing symptoms, and
even in preventing them to a certain extent. The eye exercises were
evaluated in two user studies in which the duration and frequency
of application was varied (N=24 and N=19). The results revealed that
the exercises that were applied only once for a longer duration were
successful in reducing DES symptoms. Besides their originally devel-
oped purpose as user-driven solutions, the eye exercises could also be
designed as technology-driven solution. They could, for instance, be
integrated into a user interface element to actively guide a user’s gaze
to perform specific eye movements that are relaxing the eye muscles
and as such reducing symptoms. Passively, they could be integrated
into user interface elements, such as loading screens, where no ex-
plicit interaction is required but where they eyes are naturally lying
on an element.

analysing . In the analysis of the three user studies together, we
could reveal that the global user-driven factors susceptibility and sex
play an important role in the occurrence and investigation of DES in
VR HMDs. We found that there seem to exist several susceptibility

1 BEAT GAMES: https://beatsaber.com/, last retrieved: January 04, 2022
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Figure 9: An overview of the eye exercises that were designed to alleviate
DES symptoms as presented in [Core 3]. The Figure shows the
eight eye exercises together with the problem that they are de-
signed to alleviate. This Figure is adapted from [Core 3]. It is mod-
ified with permission from the authors of [Core 3].

classes that the participants of the studies could be grouped into. Fur-
thermore, we found that the women in the sample were experiencing
the symptoms slightly more severely than the men in the sample.

3.4.4 Relevance

This third research objective highlights that DES is not only a theoreti-
cal problem, but is affecting current users of the technology. It further
shows that, currently, alleviation techniques are missing. It then adds
to the investigation of properties [Core 1] and causes [Core 2] by pro-
viding a blue print of how solutions could be designed to address the
problem of DES in VR HMDs. Most importantly, we could show that
solutions exist that can be integrated into device use. These have the
potential to alleviate symptoms, but also to prevent symptoms from
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(a) a screenshot of the blue light
study application

(b) a screenshot of the eye exercises
study application

Figure 10: An overview of the study applications in [Core 3]. This Figure is
adapted from [Core 3]. It is modified with permission from the
authors of [Core 3].

occurring. As such, the eye exercises are one example for a solution
to combat DES in VR HMDs. Furthermore, we could show that there
exist underlying user-driven factors that can contribute to DES. Thus,
a “one-fits-all” solution does not exist in this context, and further in-
vestigations have to be conducted to reveal the whole picture of DES

in VR HMDs. As similar results were reported with other types of dis-
comfort that occur in VR HMDs (e.g., susceptibility and sex differences
in the experience of simulator sickness symptoms [55, 127]), the next
step of this thesis is to compare the problem of DES in VR HMDs with
other types of discomfort to reveal such similarities and to compare
the prevalence and severity of different symptom categories.

3.5 des in perspective to general discomfort in vr hmds

The first three research objectives of this dissertation focused on a
comprehensive investigation of DES in VR HMDs, including the prop-
erties that can lead to this phenomenon [Core 1], the causes that cre-

[Core 4]
CHI 21

ate it [Core 2], and solutions that alleviate and prevent it [Core 3]. In
this final research objective of the thesis, the problem of DES is set
into context with other types of discomfort that occur in VR HMDs.
In particular, it analyzes how severe and prevalent the problem is
in comparison to simulator sickness and ergonomic symptoms. The
results to this fourth research objective are published in [Core 4].

3.5.1 Research Questions

RQ 4.1 How can the three symptom types (DES, simulator sickness, and
ergonomic symptoms) be modeled in a concise way to deter-
mine their individual influence on general discomfort in VR
HMDs?
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Figure 11: The fourth research objective of this dissertation, examines DES in
perspective to other types of discomfort occurring in VR HMDs

RQ 4.2 How relevant is the problem of DES compared to simulator sick-
ness and ergonomic symptoms?

3.5.2 Background & Motivation

The experience of negative side effects, including simulator sickness
[140, 197] and ergonomic complaints [58], are not new for VR HMD

users and have been previously investigated. The most dominant
form of physical discomfort that is investigated in VR HMDs is sim-
ulator sickness, typically investigated with the SSQ [99]. However, the
SSQ has several limitations, when it comes to its use of being a holis-
tic discomfort measure, such as covering only one category of symp-
toms, having a correlated factor structure, providing limited general-
izability, limited scope of use, and limited suitability as a measure of
symptoms in VR (they are discussed in Section 2.6.1.1). Despite these
limitations, it is still used to measure discomfort in VR HMDs, includ-
ing being used as a measure of DES. Therefore, the first motivation
for this fourth research objective was to investigate why the SSQ is
used that prevalent in VR research. Furthermore, the motivation of
this research objective is to compare how important DES symptoms
are to users considering these other types of discomfort (simulator
sickness and ergonomic symptoms), and to integrate these findings
into a model of general discomfort, including factors on DES, simula-
tor sickness, and ergonomic symptoms.



50 properties , causes , solutions , and perspective on des in vr hmds

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
not reportedsimulator sickness cybersickness motion sickness

visually induced motion sickness
discomfort

other

113 82 43 25 10 9 27

conflict no conflict

Figure 12: The reported rationales for using the SSQ of the papers that were
surveyed. This Figure was already published in the original pub-
lication [Core 4]; its caption was adapted.

3.5.3 Contributions and Main Findings

Three original contributions answer the stated research questions.

1. Literature Review on the Use of SSQ: The literature review covers
309 papers and shows that the SSQ has become a defacto stan-
dard for measuring general discomfort in VR HMDs.

2. General Discomfort Structure for Symptoms in VR HMDs: Based on
an exploratory factor analysis, the findings of the user study
were integrated into a model of general discomfort, including
three factors: DES, simulator sickness, and ergonomic symptoms.

3. User Study Comparing Three Symptom Categories: In a user study
with 352 participants, we compared the three symptoms cate-
gories DES, simulator sickness, and ergonomic symptoms, and
found that DES and ergonomic symptoms were experienced more
severely than simulator sickness.

literature review. The literature review showed that the SSQ is
indeed used as a measure for general discomfort, rather than specif-
ically used to assess simulator sickness symptoms (see Figure 12).
Furthermore, it showed that in the vast majority of the cases (96%),
the SSQ is the only discomfort measure applied and other important
types of discomfort are typically neglected.

general discomfort structure . We present an extended fac-
tor model of discomfort. This model comprises six orthogonal factors,
each reflecting on one specific symptom type. Four of these factors
(neck/shoulder pain, ergonomic attachment, perceived change, and
sweating) are attributed to the ergonomic symptom class. One factor
reflects on DES symptoms, and one factor on simulator sickness symp-
toms. The factor model is orthogonal, i.e., no symptoms have factor
loadings on more than one factor. It is comprised by a total of 39

items (i.e., symptoms). This factor model can serve as the foundation
of a more comprehensive and timely discomfort measure in future.
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Figure 13: The results of the participants’ symptoms for the six factors
(F1: DES, F2: simulator sickness, F3: neck/shoulder pain, F4: er-
gonomics attachment, F5: ergonomics perceived change, F6: er-
gonomics sweating) and the comparison of the three symptom
categories (DES, simulator sickness, and ergonomics). This Figure
is adapted from [Core 4]. It is modified with permission from the
authors of [Core 4].

user study. The user study (N=352) in which the three types of
discomfort (DES, simulator sickness, ergonomic symptoms) were com-
pared, revealed that current users of VR HMDs experience symptoms
of ergonomics and DES more prevalent and more severely than simu-
lator sickness. The severity of the six factors that were extracted were
compared to yield the study results. They showed that the factors
perceived change and sweating were highest, followed by the factor of
DES. The last three factors (simulator sickness, neck/shoulder pain, and
attachment) resulted in almost equal mean values lower than the first
three. Furthermore, the participants were asked to indicate their level
of discomfort on different regions on the head and they should com-
pare the single symptom categories with each other. The results are
shown in Figure 13. They show that symptoms of DES and ergonomics
were more important to users regarding general discomfort than sim-
ulator sickness.

3.5.4 Relevance

This fourth research objective completes the scope of this dissertation
by providing a broader context on the topic. With the factor struc-
ture of general discomfort, the work provides the foundation of a
more timely and comprehensive discomfort measure by integrating
DES into the general understanding of discomfort and by providing
a formal way of comparing symptom categories. This contribution
further emphasizes the relevance of DES in comparison to simulator
sickness and ergonomics and highlights that this is an emerging re-
search area that requires further attention from researchers.





4D I S C U S S I O N A N D I M P L I C AT I O N S

This chapter first answers the research questions and discusses the
main findings of the individual studies. In the second part, it then
derives general implications from these findings. Finally, it discusses
general factors that emerged through the process of the thesis.

4.1 research questions

RQ 1.1 What are the user-driven properties that influence the perception on
VR HMDs?
To reveal user-driven properties that influence the perception of con-
tent on VR HMDs, we presented a structured analysis of human prop-
erties. To that end, we investigated the eye-based depth cues that the
visual system uses to perceive depth in a visual environment. The in-
terplay of vergence, accommodation, and pupil size determines how
we perceive depth [122]. All of these parameters are measurable, ei-
ther with eye trackers or with optometric instruments, such as au-
torefractors or optometers [185]. However, we focus on vergence and
accommodation as the main drivers for human visual perception in
VR HMDs. We did not include pupil size here, because this eye pa-
rameter is known to be susceptible to many external influences (e.g.,
cognitive or affective processes [156, 164]), which make its applica-
tion as a measure of visual depth in an applied scenario difficult.
Thus, vergence and accommodation constitute the values for the pa-
rameter oculomotor depth cue on the dimension of human properties.
In addition, we also included the parameter ocularity with its values
monocular and binocular, which refers to whether one or both eyes
are required to obtain a 3D construct of a person’s gaze. The values
of this parameter were adapted to the properties of visual depth cues,
which can be monocular (i.e., depth can be inferred from only one
eye perceiving the depth cue) or binocular (i.e., requires both eyes to
perceive it) [223]. In summary, we defined oculomotor depth cue and
ocularity as the two main drivers of human visual perception in VR

HMDs than can be measured and used in an applied setting.

RQ 1.2 What are the technology-driven properties of VR HMDs that influence
perception on VR HMDs?
For the technology-driven properties, we consider device type, display
type, and world knowledge as parameters to influence perception (or
depth representation) on VR HMDs. The values of the parameter device
type are AR and VR headsets, as the two currently available devices.

53



54 discussion and implications

For display type, we consider monoscopic and stereoscopic displays.
While monoscopic displays only allow for the presentation of monoc-
ular depth cues (e.g., Google Glass), stereoscopic displays present im-
ages to both eyes and can therefore render binocular disparity, i.e.,
vergence eye movements can be initiated, which is not the case for
monoscopic displays. We decided on this distinction first due to the
currently available headsets and second to match the ocularity param-
eter on the dimension of visual perception. The last parameter world
knowledge is split into full and none. This parameters is based on Mil-
gram et al. [133]’s continuum of “Extent of World Knowledge”, where
an “unmodeled world” and a “world completely modeled” contrast
each other. Here, in an unmodeled world nothing is known about the
world, while in a completely modeled world the computer has com-
plete knowledge about every object in the world, including semantics.
We defined the value none the same as Milgram et al. [133]. However,
the value full indicates that a 3D mesh of the environment is available.
Thus in contrast to Milgram et al. [133], we exclude semantics in our
design space. These parameters together describe the virtual world
that an AR or VR HMD can create. Thus, from a technical perspective,
these are the properties that influence the interaction on VR HMDs.

RQ 1.3 How can the opportunities and challenges of the interaction between
user-driven and technology-driven properties be formally determined?
After analysing the properties of both user and technology separately,
we presented a design space to formalize the interaction between
these parts. The design space revealed that the combination of
user-driven and technology-driven properties can lead to conflicts
(e.g., vergence-accommodation conflict), but can also be leveraged for
novel forms of interaction. We showed that this can be analyzed from
three perspectives, a technology-based view, an application-based
view, and an interaction-based view. Furthermore, we presented
two usage types of the design space, which allow for classifying
existing research and for identifying novel research objectives. In
summary, by formalizing the interaction between users and VR HMDs,
the design space can help researchers, designers, and practitioners
to identify opportunities and challenges in the interaction of users
with AR and VR HMDs. It has to be mentioned here that neither
the design space, nor its two dimensions, aim at completeness or
holistically covering all gaze interaction on all extended reality (XR)
devices. Rather, the design space had to be reduced to binary values
of dimension parameters to make it practically relevant and usable.
Only with this limited amount of cells (which are already 15),
the design space can be of practical relevance to researchers and
practitioners, e.g., when using it with the ideation technique. The
parameters that were chosen with the aim to cover the currently
available technology. However, the design space is presented in a
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modular way that actively allows and invites researchers to expand
or modify it.

RQ 2.1 What are the user-driven causes that contribute to DES in VR HMDs?
As the main focus of this thesis are eye and vision problems, we
focused on the eyes on the user side. As user-driven causes that con-
tribute to DES we identified certain unnatural viewing behaviors that
stem from using the eyes as an active input method. The dominant
unnatural eye movements that we could reveal are prolonged fixation
duration and large number of long saccades. These eye movements were
shown to be implemented in many eye-based interaction techniques,
e.g., dwell time or gaze gestures. Being executed over a short amount
of time or on only a few occasions these eye movements do not cause
negative symptoms. However, when applied as main interaction tech-
niques in an user interface, the repeated and prolonged execution of
these unnatural eye movements can cause DES symptoms and con-
tribute to a user’s negative user experience. We categorized these
eye movements as user-driven, as they require an active input from
a user, such as initiating these unnatural eye movements. However,
depending on the implementation of the user interface, the overlap
with passive causes is fluent. Persuasive interfaces, for instance, could
implement such strategies, which would lead to negative eye move-
ments without the user actively and intentionally wanting to execute
them. Furthermore, while the inconsiderate application of unnatu-
ral eye movements can contribute to worsening DES symptoms, they
could also be implemented in a way to alleviate symptoms (as we do
in Section 3.4).

RQ 2.2 What are the technology-driven causes that contribute to DES in VR

HMDs?
Technology-driven causes of DES refer to the properties that are in-
herently present in the device itself or the application performed on
it. Here, we identified the following properties that are of particular
relevance: close viewing distance, displays and user interface proper-
ties, and the VAC. Many of these causes (in particular user interface
properties) have previously been discovered as contributors to DES in
conventional displays [237]. However, some of these (e.g., bright light)
are intensified with VR HMDs, as they cover a larger field of view than
conventional displays. Another factor, close viewing distance, is more
related to the use of the devices in conventional displays. While this
could be corrected for in conventional displays, e.g., by implement-
ing reminder applications to keep a certain distance [77], in VR HMDs
this distance is fixed. These points highlight that VR HMDs also cover
the same problems that conventional displays come with, but even
intensify them. Lastly, one specific cause, the VAC, is specific to most
current AR and VR HMDs. The decoupling of vergence and accom-
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modation responses leads to symptoms of DES [105, 201, 215]. This
problem is inherently part of the technology. Some approaches exist
to deal with this problem (e.g., liquid lens to address several focal
planes [125] or visual depth of field blur [111, 184]) but they have not
been adopted by current consumer devices.

RQ 3.1 How can user-driven solutions be designed to alleviate DES in VR

HMDs?
User-driven solutions are solutions that require an explicit action of
the user, i.e., they fall under the category of explicit eye-based inter-
action [128]. As mentioned in the discussion of RQ 2.1, eye-based in-
teraction techniques can create and worsen DES symptoms. However,
when applied carefully, specific eye movements can also be used to
reduce symptoms [222, 227]. This often requires an interplay between
the task and the alleviation technique. Therefore, different straining
tasks might require different alleviation techniques. In the following,
we discuss the process of how the user-driven alleviation techniques
were defined. The results of a user survey with 68 regular VR HMD

users could show that DES is a widespread problem among users.
Furthermore, the survey results revealed that the users were miss-
ing appropriate alleviation techniques. When the problem of DES oc-
curred, they most often stopped using the devices. The survey also
showed a lack of prevention techniques. Lastly, the results showed
that the current application that users used did not consider the prob-
lem of DES. One requirement of users on the development of coping
strategies was that they should be integrated into device use. One
example of such coping strategies would be eye exercises that can be
implemented as short visual tasks and that are explicitly directed to
alleviate and relax the eye muscles. We then developed a set of eye ex-
ercises specifically tailored to alleviate symptoms of DES. These exer-
cises were evaluated in two user studies that evaluated the frequency
and duration of these exercises (N=24 and N=19). The two studies re-
vealed that eye exercises can reduce symptoms of DES when applied
over a long (2:30 min) duration. In summary, the process highlights
that the users of the technology should be involved from the begin-
ning in the design of user-driven alleviation techniques in order for
them to be successful and for users agreeing to use them.

RQ 3.2 How can technology-driven solutions be designed to alleviate DES in
VR HMDs?
We define technology-driven solutions, as solutions that do not re-
quire an explicit input of the user. Therefore, on the continuum of
eye tracking applications by Majaranta and Bulling [128], they fall
under the category of attentive user interfaces or eye-aware systems.
In this dissertation, we investigated blue light filtering, which is very
popular and widespread as an alleviation technique for eye-related
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problems with digital displays. We developed an application that im-
plicitly integrated blue light filtering. Two versions of this blue light
filter were evaluated in a user study with 28 participants. The results
of this study did not reveal any positive effect of the blue light fil-
ter on the experience of DES symptoms. In one version it did even
increase the symptoms. These results are in agreement with recent
studies on blue light filters in conventional displays [152, 171, 188].
While blue light filtering was not successful in reducing symptoms,
this does not entail that technology-driven solutions cannot be suc-
cessful per se. For example, the eye exercises that were developed
as user-driven solution, could also be applied as technology-driven
solution. While in a user-driven way the exercises would be tied to
elements that serve as active input to a user interface, technology-
driven, they could be integrated into user interface elements, such as
loading screens or menus, to subconsciously trigger the desired eye
movements.

RQ 4.1 How can the three symptom types (DES, simulator sickness, and
ergonomic symptoms) be modeled in a concise way to determine their indi-
vidual influence on general discomfort in VR HMDs?
To enable the comparison of the three suggested symptom categories
(DES, simulator sickness, and ergonomic symptoms), first a coherent
measurement of the three has to be determined, entailing coherent
measurement scales. Therefore, we first determined a consistent rat-
ing scale for the 63 symptoms that were used to compare the three
categories. We then collected data on the symptoms with a user study
(N=352). The results were evaluated with an exploratory factor anal-
ysis, determining a linear model between symptoms and extracted
factors. In the course of this analysis 24 symptoms were removed,
leaving a total of 39 symptoms that were part of the model. The
model revealed six orthogonal factors, each one factor on DES (11

symptoms) and simulator sickness (10 symptoms), and four sub fac-
tors for ergonomic symptoms (4, 8, 5, and 2 symptoms). Furthermore,
this model can serve as a timely and comprehensive model of general
discomfort on VR HMDs.

RQ 4.2 How relevant is the problem of DES compared to simulator sickness
and ergonomic symptoms?
We evaluated the prevalence and severity of DES in comparison to
simulator sickness and ergonomic symptoms in a user study 352

VR HMD users. In the comparison of the three symptom categories
DES, simulator sickness, and ergonomic symptoms, we found that
DES was more relevant to users than simulator sickness. Indeed, the
ergonomic factors were the most severe ones, in particular perceived
change and sweating. Especially these two factors indicate that the per-
ceived symptoms could be strongly linked to the application a person
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is executing on the VR HMD. Furthermore, while these items indicate
a strong perception, the single symptom that was most severe was eye
strain, indicating that among the symptoms related to a user’s health,
eye strain is the most important one. Symptoms of simulator sickness
are naturally also linked to the application, in particular whether a
conflict of visually perceived and actually executed motion is present
[170]. However, when comparing the symptom scores of users who
played an application in which a motion conflict was present with
those in which no conflict was present, we could not observe statisti-
cally significant differences. These results suggest that simulator sick-
ness symptoms indeed had a lower impact on users than the other
two symptom categories.

4.2 implications

The main findings of the four research objectives have several over-
reaching implications, which are summarized in the following. First,
the interaction on VR HMDs carries unique user-driven and technology-
driven properties that promote the occurrence of DES symptoms. This
indicates that the problem is omnipresent, in contrast to simulator
sickness, which is assumed to be caused by vection [68] and is not
always present in VR applications. This implies that researchers and
practitioners should be aware of the problem at all times and consider
the consequences thereof. This does not mean that countermeasures
have to be always integrated, as DES symptoms can occur with differ-
ent severity. However, it should be recognized that the potential is
always present.

Secondly, the search for causes is currently dominantly focusing on
technology-driven causes. User-driven causes, on the other hand, are
largely neglected. This is in particular important for the gaze interac-
tion community and implies that eye-based interaction strategies, es-
pecially explicit ones, should be tested in settings that allow detecting
the potential for DES. That is in contrast to typical studies that usu-
ally test the performance of such techniques but not their potential
for symptoms. Similarly, solutions are dominantly proposed to alle-
viate technology-driven causes. However, user-driven solutions and
solutions that alleviate user-driven causes are missing and should be-
come an active research focus.

Thirdly, the problem of DES is prevalent and severe in the users of VR

HMDs. However, currently, they are not sufficiently addressed by the
research community nor by developers. These findings are important,
as they support the argument around HMDs causing more severe DES

symptoms than conventional displays [70, 239]. Furthermore, they
imply that this is not limited to a theoretical and academic discus-
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sion but currently affects users. However, although VR HMDs are at
the edge of becoming everyday device repertoire, they are still suffi-
ciently novel to integrate solutions already. Thus, it should be avoided
to tackle the problem only when technology has already become an
integral part of our lives.

Fourthly, solutions should be designed in a way that they can be in-
tegrated into device use. One example of such a solution is eye exer-
cises. These short visual tasks can be employed to reduce symptoms.
They can be implemented in a user-driven as well as a technology-
driven way. One way to do this would be to implement options for
users, similar to how current VR HMD applications offer different
types of transportation for users to choose from depending on their
susceptibility to simulator sickness.

Fifthly, there are external user-driven factors, such as a user’s sus-
ceptibility or biological sex, that can further influence the experience
of symptoms [Core 3]. Although this was not the key interest of the
investigations, these results imply that certain populations might be
more severely affected than others. This is in agreement with prior
studies on general DES [18, 165, 193, 194, 220] and implies that a
user’s personal background plays an important role in the search for
solutions. Furthermore, with this being a relatively new field, other
external factors that are not yet discovered might influence DES symp-
toms, too.

Lastly, with DES becoming more important, our understanding of the
types of discomfort that can occur in VR HMDs should be reconsidered.
Our knowledge about discomfort is currently mostly dominated by
one symptom category, which is simulator sickness. However, this
dissertation showed that this understanding might be outdated since
the devices have changed and with it the usage scenarios and the
symptoms that are experienced by users. This dissertation concludes
with the proposal of a more general and timely discomfort model.

4.3 general discussion

In the following, a number of overreaching insights will be discussed
that arose throughout the whole duration of this thesis and cover
observations beyond the research objectives.

4.3.1 Out-of-Lab Methodology

Two of the studies presented in this dissertation were conducted fol-
lowing an out-of-lab methodology (blue light study in [Core 3] and
symptom comparison study in [Core 4]). This allowed us to inves-
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tigate the problem with the population who is currently using VR

HMDs on a regular basis and, therefore, to increase the external valid-
ity of the results [149]. To this end, an online platform was used to
recruit participants who actually owned a VR headset. This certainly
has the advantage of investigating the issue with a population that is
currently experiencing it. This stands in contrast to lab studies, where
issues are usually investigated with a sample that is not the main user
group of the devices. Therefore, in many VR lab studies, the partici-
pants often state to not be experienced with using the devices. This
might have a strong influence on the results of user studies, espe-
cially when investigating symptoms, as a habituation effect can not
be excluded. Thus, lab studies might yield in higher symptom sever-
ity than out-of-lab studies. Another advantage of out-of-lab studies is
that participants were able to report about their usual experience of
symptoms, as the experience was not limited to one occasion. How-
ever, this methodology also biases the investigations towards long-
term users and exclude the experience of novel VR HMD users. Yet,
the advantage of having real users of the technology outweighs the
disadvantages of excluding first-time users, given that we were inter-
ested in assessing the symptoms of that population.

When recruiting participants to conduct studies at their home with
their own devices, several measures of quality assessment have to be
taken to ensure valid results, which comes with several challenges
as recently highlighted by Radiah et al. [167]. To ensure high data
quality and similar conditions for the participants, we took careful
preparations that were integrated into the study application. For ex-
ample, attention checks and time measures gave us quantitative esti-
mates to make sure that the participants correctly executed the study.
However, despite these precautions, we cannot exclude other exter-
nal factors that might have influenced the study. Yet, this method
allowed for the recruitment of a more balanced sample in terms of
gender and age, as typical university samples cover mostly students
within a certain age range.

4.3.2 Time Perspective

The studies that are part of this dissertation were all conducted over
a relative short amount of time. One of them was conducted over
the time period of ten days [Core 3], two over three days (blue light
study and one eye exercise study in [Core 3]), and one captured the
participants’ experience of one exposure ([Core 4])). This time range
does not allow for the investigation of long-term symptoms. Hereby,
three types of long-term symptoms have to be distinguished. One
is the repeated exposure to the device, one is symptoms that occur
after prolonged usage, and one is symptoms that occur after using
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the devices over a longer time range (e.g., several months or years).
Our survey data indicated that a habituation effect might take place
over a longer usage time. This dissertation highlights, however, that
even short or single exposures can create symptoms. Thus, it lays the
foundation for future investigations into the time aspects of DES.

4.3.3 Placebo Effect

The placebo effect [131] is a strong effect that can lead towards di-
agnostic misinterpretation of intervention methods. In the studies of
this dissertation, the participants were introduced to the study goal
before conducting the study. This was formulated as “the study’s goal
is to investigate discomfort with VR HMDs”. The participants were not
introduced with the exact type of discomfort that we aimed to investi-
gate, nor with the countermeasures that we aimed to reveal. However,
as they filled out the questionnaires on DES it cannot be excluded that
the participants could have suspected the concrete study objective.
Therefore, a potential placebo effect cannot be ruled out entirely for
the studies investigating the solution approaches (studies in [Core 3]).
In order to exclude this effect, a study with effective and in-effective
eye exercises should be conducted to compare the effects between the
two.

4.3.4 Discomfort as Design Resource

This dissertation is based on the assumption that the experience of
DES symptoms, or more generally, discomfort is a negative experi-
ence for users. As such, it concentrated on the alleviation of these
problems. However, some works argue for the active integration of
negative feelings or experiences as a design resource with the overall
goal to enhance the experience (e.g., thrill-seeking) [14, 15]. However,
these works focus on factors that are not known to directly affect
users’ physical health negatively and focus more on negative user ex-
periences. Two open questions remain. One is whether all discomfort
should be removed from an experience to make the experience pleas-
ant and comfortable for the user, and whether this is actually desired
by users at all stages. The other question is whether the advantages
of the devices outweigh the negative aspects, or whether the distribu-
tion of the devices should come with an active warning to users that
they might be negatively affect.
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This thesis presented the first comprehensive investigation into the
problem of DES in VR HMDs. It addressed the issue with four research
objectives that each addressed an individual challenge, covering prop-
erties, causes, solutions, and perspective on DES in VR HMDs. The
research objectives were considered from two complementary sides,
adopting a user-driven and a technology-driven view. We first formal-
ized the interaction between user and VR HMD by presenting a design
space based on a morphological analysis. This design space allows for
the systematic investigation of properties and requirements of the in-
teractive system user-VR HMD, revealing opportunities and challenges
of the combination. Based on a literature survey, the second research
objective revealed a set of user-driven and technology-driven causes.
Most importantly, user-driven causes and solutions seem to be cur-
rently not adequately investigated or addressed. These findings in-
spired the third research objective, which is concerned with the active
development and evaluation of solutions. First, a user survey with
68 VR HMD users was conducted, revealing that the problem of DES

is indeed pervasive. We then showed with two user studies (N=24

and N=19) that eye exercises, being short visual tasks, can alleviate
DES symptoms. This solution even allows for a user-driven as well as
a technology-driven integration. In a user-driven way, the exercises
can be implemented as active interaction strategies, while passively,
they can be implemented to guide a user’s gaze into certain move-
ments or directions, integrated into interactive elements. Blue light
filtering, the second solution that was investigated, could, however,
not be shown to reduce symptoms in a user study with 28 partici-
pants. Lastly, we took a wider perspective on the problem of DES in
VR HMDs and compared it to two other discomfort types, simulator
sickness and ergonomic symptoms. For this, first, an orthogonal fac-
tor model was created to determine the relationship between the three
symptom categories and their contribution to general discomfort. The
symptoms of each category were compared in a user study with 352

participants, revealing that DES and ergonomic symptoms were ex-
perienced more severely by users than simulator sickness symptoms.
This dissertation highlights the importance of DES to VR HMD users
and calls for action on active solution development. Furthermore, it
demonstrates that our understanding of discomfort in interactive de-
vices changes over time, and thus measures and consequences should
be adopted accordingly. Most importantly, it aims to lay the founda-
tion for future investigations into DES with VR HMDs.
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5.1 limitations

Like all scientific investigations, this dissertation is not without limita-
tions. While the limitations of the publications are discussed in detail
in the individual papers, some general limitations are discussed in
the following.

5.1.1 Literature Surveys

The two literature surveys presented in [Core 2] and [Core 4] were
conducted by two of the respective paper authors. This might have
induced bias towards selecting and synthesizing the papers. Further-
more, they were conducted without a measure of critical appraisal,
which is considered a part of systematic reviews by most authors
[214]. Thus, the term systematic review does not describe the con-
ducted surveys accurately. However, in the literature survey about
the use of the SSQ, we argue that critical appraisal of the papers could
be neglected, given that the research question focused on all studies
that used the questionnaire in some form, disregarding their quality.
Furthermore, study results with impossible SSQ values were excluded.
Another limitation is that both surveys were conducted on computer
science-specific databases. Thus, some relevant works published at
other venues (in particular medical venues) might not have appeared
in the search result. However, the retrieved literature served as rep-
resentative for HCI-related research, given that the most important
venues were included.

5.1.2 Sample

The four user studies of this dissertation were conducted with dif-
ferent participant samples. In particular, one eye exercise study was
conducted in the lab and one in users’ homes [Core 3]. The blue light
study was conducted as an online study and was also performed by
users in their home [Core 3] and the study on comparing the three
symptom categories was conducted as an online field study [Core 4].
While one might note that these different samples (e.g., experienced
versus inexperienced users) could limit the comparability of the study
results, we consider the different and diverse samples as an advan-
tage strengthening the quality of the results. Eventually, we could
show the same trend of increasing DES symptoms over the study du-
ration in all of the studies.

5.1.3 Device Type

We used different VR HMDs for the studies. In one eye exercise study
we used an HTC Vive and in one an Oculus Go. In both online studies



5.2 future work 65

(blue light study [Core 3] and the study on the use of the SSQ [Core
4] we used Oculus Quest headsets. The different weights and form
factors of the devices might have influenced the results. This is partic-
ularly important to mention for the SSQ study [Core 4] in which the
ergonomic symptoms were of key interest. These symptoms, includ-
ing pressure on the head or addressing the headset’s weight, might
have been influenced by this specific device type. So, when using an-
other headset, the symptoms might be slightly different just because
of the weight and the form factor of the used device. While this has
probably the strongest influence on ergonomic symptoms, it cannot
be excluded that different types of VR HMDs also cause a different
severity of DES or simulator sickness symptoms, for instance, because
of a different field of view.

5.2 future work

In [Core 3], we detail ten open challenges that arise from this disserta-
tion and that future research should concentrate on to bring this topic
to the attention to VR, or more general XR, researchers. These chal-
lenges include methodological aspects, such as measurement meth-
ods, but also guidance on the development of coping strategies. In
the following, we discuss aspects that extend these key challenges.

5.2.1 Measurement Methods

The development of suitable and usable measurement methods for
DES in VR HMDs is particularly challenging. This is not only because
of the measurement tools (questionnaires or objective measures), but
also because of their application. As subjective self-reports typically
interrupt the usage to measure values during the exposure, objective
measures are desirable that can be applied in a more unobtrusive way.
However, to date, no comprehensive model exists that would provide
an easy-to-use method. Eye tracking has often been named as an easy-
to-use objective measure [107, 231]. However, it dominantly focuses
on blink rate, which is an important indicator for some symptoms
(dominantly dry eyes), but cannot provide a comprehensive measure
including symptoms, such as eye ache that are typically reported
using subjective measurement methods. One potentially fruitful ap-
proach for future research could be to measure DES not only directly
but indirectly. To that end, we suggest exploring whether symptoms
of discomfort can be associated with different sensor and movement
data of a person (e.g., the position of controllers or headset). This
would support the hypothesis that a person’s movements change
when experiencing symptoms, e.g., slower movement, imprecise exe-
cution of selection tasks, or similar. One idea would be to associate
this data with the experience of discomfort, which would finally re-
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sult in an objective discomfort model that does not only rely on direct
eye-based data but on indirect movement and sensor data. To pre-
dict symptoms based on this data, we propose to use a classification-
based machine learning method, such as support vector machines or
random forest classifier, which have been shown to be successful in
classifying user intents [210] or mental health states of users [9].

5.2.2 External Factors

External factors should be considered in future studies on DES. Es-
pecially the factor sex should be more closely investigated. In con-
trast to simulator sickness that has long been investigated with male-
dominated samples [127], for the investigation of DES, we should not
make the same mistake and include that factor sex into the investiga-
tions right from the beginning. [Core 3] revealed that people might
be differently susceptible to DES symptoms. Studies revealed similar
occurrences with related symptoms, such as motion sickness [55] or
simulator sickness [127]. This raises the question of whether such
differences in symptom severity are due to a general difference in
perception of symptoms of different populations or whether this is
unique to DES. A reaction to this susceptibility factor could be to in-
tegrate different solution methods into the design of solutions. The
next step would be to investigate whether the susceptibility can be
computationally modeled or revealed using subjective and objective
measures.

5.2.3 Relation to Usability Measures

In this dissertation, we investigated DES in an isolated setting. Other
usability metrics that are important in VR research, such as presence
or enjoyment, have not been in the center of these investigations.
However, there exists research showing that such measures might be
correlated with the experience of negative symptoms (e.g., presence
and simulator sickness [126]). One possibility to explore in future re-
search is to investigate the relationship between these measures and
whether such a relationship could even be computationally modeled.
For DES such investigations are currently missing.
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Marcin Woźniak. Gamification of Eye Exercises for Evaluating Eye
Fatigue. In Leszek Rutkowski, Rafał Scherer, Marcin Korytkowski,
Witold Pedrycz, Ryszard Tadeusiewicz, and Jacek M. Zurada, editors,
Artificial Intelligence and Soft Computing, Lecture Notes in Computer Sci-
ence, pages 104–114. Springer International Publishing, 2019. ISBN
978-3-030-20915-5. DOI 10.1007/978-3-030-20915-5_10. URL https:

//link.springer.com/chapter/10.1007%2F978-3-030-20915-5_10.

[228] Mélodie Vidal, Andreas Bulling, and Hans Gellersen. Pursuits: Spon-
taneous Interaction with Displays Based on Smooth Pursuit Eye Move-
ment and Moving Targets. In Proceedings of the 2013 ACM interna-
tional joint conference on Pervasive and ubiquitous computing, UbiComp
’13, pages 439–448. Association for Computing Machinery, 2013. ISBN
978-1-4503-1770-2. DOI 10.1145/2493432.2493477. URL https://doi.

org/10.1145/2493432.2493477.

http://dx.doi.org/10.1111/opo.12275
https://onlinelibrary.wiley.com/doi/abs/10.1111/opo.12275
https://onlinelibrary.wiley.com/doi/abs/10.1111/opo.12275
http://dx.doi.org/10.1016/j.apergo.2019.04.010
http://dx.doi.org/10.1016/j.apergo.2019.04.010
https://www.sciencedirect.com/science/article/pii/S000368701930078X
https://www.sciencedirect.com/science/article/pii/S000368701930078X
http://dx.doi.org/10.1109/VRW50115.2020.00099
http://dx.doi.org/10.1109/VRW50115.2020.00099
https://ieeexplore.ieee.org/document/9090506
https://ieeexplore.ieee.org/document/9090506
http://dx.doi.org/10.1126/science.301659
https://www.science.org/doi/abs/10.1126/science.301659
https://www.science.org/doi/abs/10.1126/science.301659
http://dx.doi.org/10.1038/s41598-017-16320-6
https://www.nature.com/articles/s41598-017-16320-6
http://dx.doi.org/10.1016/j.clae.2019.08.003
https://www.sciencedirect.com/science/article/pii/S1367048419300177
https://www.sciencedirect.com/science/article/pii/S1367048419300177
http://dx.doi.org/10.1007/978-3-030-20915-5_10
https://link.springer.com/chapter/10.1007%2F978-3-030-20915-5_10
https://link.springer.com/chapter/10.1007%2F978-3-030-20915-5_10
http://dx.doi.org/10.1145/2493432.2493477
https://doi.org/10.1145/2493432.2493477
https://doi.org/10.1145/2493432.2493477


96 bibliography

[229] Cyril Vienne, Laurent Sorin, Laurent Blondé, Quan Huynh-Thu,
and Pascal Mamassian. Effect of the Accommodation-Vergence
Conflict on Vergence Eye Movements. Vision Research, 100:124

– 133, 2014. ISSN 0042-6989. DOI 10.1016/j.visres.2014.04.017.
URL https://www.sciencedirect.com/science/article/pii/

S0042698914001126?via%3Dihub.

[230] Peng Wang, Peng Wu, Jun Wang, Hung-Lin Chi, and Xiangyu Wang.
A Critical Review of the Use of Virtual Reality in Construction Engi-
neering Education and Training. International Journal of Environmen-
tal Research and Public Health, 15(6):1204, June 2018. DOI 10.3390/i-
jerph15061204. URL https://www.mdpi.com/1660-4601/15/6/1204.

[231] Yan Wang, Guangtao Zhai, Shaoqian Zhou, Sichao Chen, Xiongkuo
Min, Zhongpai Gao, and Menghan Hu. Eye Fatigue Assessment Using
Unobtrusive Eye Tracker. IEEE Access, 6:55948–55962, 2018. ISSN 2169-
3536. DOI 10.1109/ACCESS.2018.2869624. URL https://ieeexplore.

ieee.org/document/8464177.

[232] Peter West, Max Van Kleek, Richard Giordano, Mark J. Weal, and
Nigel Shadbolt. Common Barriers to the Use of Patient-Generated
Data Across Clinical Settings. In Proceedings of the 2018 CHI Con-
ference on Human Factors in Computing Systems, CHI ’18, pages 1–13.
Association for Computing Machinery, 2018. ISBN 978-1-4503-5620-
6. DOI 10.1145/3173574.3174058. URL https://doi.org/10.1145/

3173574.3174058.

[233] Pande Bagus Widyantara and Maya Arlini Puspasari. Breakpoint
of Attention Media Evaluation as Countermeasure for Computer Vi-
sion Syndrome. In Proceedings of the 2019 5th International Conference
on Industrial and Business Engineering, ICIBE 2019, pages 188–192, New
York, NY, USA, September 2019. Association for Computing Machin-
ery. ISBN 978-1-4503-7653-2. DOI 10.1145/3364335.3364360. URL
https://doi.org/10.1145/3364335.3364360.

[234] N P Wiggins and K M Daum. Visual Discomfort and Astigmatic Re-
fractive Errors in VDT Use. Journal of the American Optometric Associa-
tion, 62(9):680–684, 1991. ISSN 0003-0244.

[235] Jacob O. Wobbrock and Julie A. Kientz. Research Contributions in
Human-Computer Interaction. Interactions, 23(3):38–44, April 2016.
ISSN 1072-5520, 1558-3449. DOI 10.1145/2907069. URL https://dl.

acm.org/doi/10.1145/2907069.

[236] Robert Yammouni and Bruce J. W. Evans. Is Reading Rate in Dig-
ital Eyestrain Influenced by Binocular and Accommodative Anoma-
lies? Journal of Optometry, 14(3):229–239, 2021. ISSN 1888-4296. DOI
10.1016/j.optom.2020.08.006. URL https://www.sciencedirect.com/

science/article/pii/S1888429620300960.

[237] Zheng Yan, Liang Hu, Hao Chen, and Fan Lu. Computer Vision
Syndrome: A widely spreading but largely unknown epidemic among
computer users. Computers in Human Behavior, 24(5):2026–2042, 2008.
ISSN 0747-5632. DOI https://doi.org/10.1016/j.chb.2007.09.004.
URL https://www.sciencedirect.com/science/article/pii/

S0747563207001501.

http://dx.doi.org/10.1016/j.visres.2014.04.017
https://www.sciencedirect.com/science/article/pii/S0042698914001126?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0042698914001126?via%3Dihub
http://dx.doi.org/10.3390/ijerph15061204
http://dx.doi.org/10.3390/ijerph15061204
https://www.mdpi.com/1660-4601/15/6/1204
http://dx.doi.org/10.1109/ACCESS.2018.2869624
https://ieeexplore.ieee.org/document/8464177
https://ieeexplore.ieee.org/document/8464177
http://dx.doi.org/10.1145/3173574.3174058
https://doi.org/10.1145/3173574.3174058
https://doi.org/10.1145/3173574.3174058
http://dx.doi.org/10.1145/3364335.3364360
https://doi.org/10.1145/3364335.3364360
http://dx.doi.org/10.1145/2907069
https://dl.acm.org/doi/10.1145/2907069
https://dl.acm.org/doi/10.1145/2907069
http://dx.doi.org/10.1016/j.optom.2020.08.006
http://dx.doi.org/10.1016/j.optom.2020.08.006
https://www.sciencedirect.com/science/article/pii/S1888429620300960
https://www.sciencedirect.com/science/article/pii/S1888429620300960
http://dx.doi.org/https://doi.org/10.1016/j.chb.2007.09.004
https://www.sciencedirect.com/science/article/pii/S0747563207001501
https://www.sciencedirect.com/science/article/pii/S0747563207001501


bibliography 97

[238] Qian Yang, Nikola Banovic, and John Zimmerman. Mapping Ma-
chine Learning Advances from HCI Research to Reveal Starting Places
for Design Innovation. In Proceedings of the 2018 CHI Conference on
Human Factors in Computing Systems, CHI ’18, pages 1–11. Associa-
tion for Computing Machinery, 2018. ISBN 978-1-4503-5620-6. DOI
10.1145/3173574.3173704. URL https://doi.org/10.1145/3173574.

3173704.

[239] Hyeon Jeong Yoon, Hyun Sik Moon, Mi Sun Sung, Sang Woo
Park, and Hwan Heo. Effects of Prolonged Use of Virtual Real-
ity Smartphone-Based Head-Mounted Display on Visual Parameters:
A Randomised Controlled Trial. Scientific Reports, 11(1):15382, July
2021. ISSN 2045-2322. DOI 10.1038/s41598-021-94680-w. URL https:

//www.nature.com/articles/s41598-021-94680-w.

[240] Sean D. Young, Bernard D. Adelstein, and Stephen R. Ellis. De-
mand Characteristics in Assessing Motion Sickness in a Virtual Envi-
ronment: Or Does Taking a Motion Sickness Questionnaire Make You
Sick? IEEE Transactions on Visualization and Computer Graphics, 13(3):
422–428, 2007. ISSN 1941-0506. DOI 10.1109/TVCG.2007.1029. URL
https://ieeexplore.ieee.org/document/4297685.

[241] Adriana A. Zekveld, Dirk J. Heslenfeld, Ingrid S. Johnsrude, Niek J.
Versfeld, and Sophia E. Kramer. The Eye as a Window to the Listen-
ing Brain: Neural Correlates of Pupil Size as a Measure of Cognitive
Listening Load. NeuroImage, 101:76–86, 2014. ISSN 1053-8119. DOI
10.1016/j.neuroimage.2014.06.069. URL https://www.sciencedirect.

com/science/article/pii/S1053811914005461.

[242] Fabrizio Zeri and Stefano Livi. Visual Discomfort While Watch-
ing Stereoscopic Three-Dimensional Movies at the Cinema. Oph-
thalmic and Physiological Optics, 35(3):271–282, 2015. ISSN 1475-1313.
DOI 10.1111/opo.12194. URL https://onlinelibrary.wiley.com/

doi/abs/10.1111/opo.12194.

[243] Yanxia Zhang, Jörg Müller, Ming Ki Chong, Andreas Bulling, and
Hans Gellersen. GazeHorizon: Enabling Passers-by to Interact with
Public Displays by Gaze. In Proceedings of the 2014 ACM International
Joint Conference on Pervasive and Ubiquitous Computing, UbiComp ’14,
pages 559–563. Association for Computing Machinery, 2014. ISBN 978-
1-4503-2968-2. DOI 10.1145/2632048.2636071. URL https://doi.org/

10.1145/2632048.2636071.

[244] Yanxia Zhang, Ming Ki Chong, Jörg Müller, Andreas Bulling, and
Hans Gellersen. Eye Tracking for Public Displays in the Wild.
Personal and Ubiquitous Computing, 19(5):967–981, 2015. ISSN 1617-
4917. DOI 10.1007/s00779-015-0866-8. URL https://doi.org/10.1007/

s00779-015-0866-8.

[245] Martina Ziefle. Effects of Display Resolution on Visual Per-
formance. Human Factors, 40(4):554–568, 1998. ISSN 0018-7208.
DOI 10.1518/001872098779649355. URL https://doi.org/10.1518/

001872098779649355.

[246] F. Zwicky. The Morphological Approach to Discovery, Invention,
Research and Construction. New Methods of Thought and Procedure,

http://dx.doi.org/10.1145/3173574.3173704
http://dx.doi.org/10.1145/3173574.3173704
https://doi.org/10.1145/3173574.3173704
https://doi.org/10.1145/3173574.3173704
http://dx.doi.org/10.1038/s41598-021-94680-w
https://www.nature.com/articles/s41598-021-94680-w
https://www.nature.com/articles/s41598-021-94680-w
http://dx.doi.org/10.1109/TVCG.2007.1029
https://ieeexplore.ieee.org/document/4297685
http://dx.doi.org/10.1016/j.neuroimage.2014.06.069
http://dx.doi.org/10.1016/j.neuroimage.2014.06.069
https://www.sciencedirect.com/science/article/pii/S1053811914005461
https://www.sciencedirect.com/science/article/pii/S1053811914005461
http://dx.doi.org/10.1111/opo.12194
https://onlinelibrary.wiley.com/doi/abs/10.1111/opo.12194
https://onlinelibrary.wiley.com/doi/abs/10.1111/opo.12194
http://dx.doi.org/10.1145/2632048.2636071
https://doi.org/10.1145/2632048.2636071
https://doi.org/10.1145/2632048.2636071
http://dx.doi.org/10.1007/s00779-015-0866-8
https://doi.org/10.1007/s00779-015-0866-8
https://doi.org/10.1007/s00779-015-0866-8
http://dx.doi.org/10.1518/001872098779649355
https://doi.org/10.1518/001872098779649355
https://doi.org/10.1518/001872098779649355


98 bibliography

pages 273–297, 1967. DOI 10.1007/978-3-642-87617-2_14. URL https:

//link.springer.com/chapter/10.1007/978-3-642-87617-2_14.

http://dx.doi.org/10.1007/978-3-642-87617-2_14
https://link.springer.com/chapter/10.1007/978-3-642-87617-2_14
https://link.springer.com/chapter/10.1007/978-3-642-87617-2_14


D E C L A R AT I O N

Ich versichere hiermit, dass ich die Arbeit selbständig angefertigt
habe und keine anderen als die angegebenen Quellen und Hilfsmittel
benutzt sowie die wörtlich oder inhaltlich ubernommenen Stellen als
solche kenntlich gemacht und die zur Zeit gültige Satzung der Uni-
versität Ulm zur Sicherung guter wissenschaftlicher Praxis beachtet
habe (§ 8 Abs. 1 Nr. 5 Rahmenpromotionsordnung).

Ich bin damit einverstanden, dass die Dissertation auch zum Zweck
der Überprüfung der Einhaltung allgemein geltender wissenschaftlicher
Standards benutzt wird, insbesondere auch unter Verwendung elek-
tronischer Datenverarbeitungsprogramme (§ 8 Abs. 1 Nr. 8 Rahmen-
promotionsordnung).

Ulm, Deutschland, Januar 2022

Teresa Hirzle





Part II

P U B L I C AT I O N S





Teresa Hirzle, Jan Gugenheimer, Florian Geiselhart, Andreas Bulling,
and Enrico Rukzio. “A Design Space for Gaze Interaction on Head-
mounted Displays.” In Proceedings of the 2019 CHI Conference on Hu-
man Factors in Computing Systems. New York, NY, USA: Association
for Computing Machinery, May 2, 2019, pp. 1–12. isbn: 978-1-4503-
5970-2. doi: 10.1145/3290605.3300855

Reprinted with the permission from the Association for Computing
Machinery (ACM).

10.1145/3290605.3300855


A Design Space for Gaze Interaction on
Head-Mounted Displays

Teresa Hirzle
Institute of Media Informatics,
Ulm University, Germany

Jan Gugenheimer
Institute of Media Informatics,
Ulm University, Germany

Florian Geiselhart
Institute of Media Informatics,
Ulm University, Germany

Andreas Bulling
Institute for Visualisation and

Interactive Systems,
University of Stuttgart, Germany

Enrico Rukzio
Institute of Media Informatics,
Ulm University, Germany

ABSTRACT
Augmented and virtual reality (AR/VR) has entered the mass
market and, with it, will soon eye tracking as a core tech-
nology for next generation head-mounted displays (HMDs).
In contrast to existing gaze interfaces, the 3D nature of AR
and VR requires estimating a user’s gaze in 3D. While first
applications, such as foveated rendering, hint at the com-
pelling potential of combining HMDs and gaze, a systematic
analysis is missing. To fill this gap, we present the first de-
sign space for gaze interaction on HMDs. Our design space
covers human depth perception and technical requirements
in two dimensions aiming to identify challenges and oppor-
tunities for interaction design. As such, our design space
provides a comprehensive overview and serves as an impor-
tant guideline for researchers and practitioners working on
gaze interaction on HMDs. We further demonstrate how our
design space is used in practice by presenting two interactive
applications: EyeHealth and XRay-Vision.

CCS CONCEPTS
•Human-centered computing→ Interface design pro-
totyping; Mixed / augmented reality; Virtual reality;

KEYWORDS
design space, 3D gaze, gaze interaction, head-mounted dis-
plays, interaction design, augmented reality, virtual reality
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1 INTRODUCTION
Augmented and virtual reality head-mounted displays are
currently experiencing rising consumer adoption. Eye track-
ing is expected to be an integral part of these devices given
that it both provides possibilities to expand and enhance cur-
rent interaction techniques [27, 48] and has the potential to
address unique challenges of HMD interaction (e.g. foveated
rendering [45]).

Prior work in gaze interaction has typically focused on 2D
gaze, most likely because current interactive systems mainly
support two-dimensional display-based interaction, e.g. on
smartphones [22, 43], smartwatches [15] or ambient displays
[55, 61, 62]. That is, gaze is usually considered to be a 2D
point on a screen. In contrast, AR and VR are inherently
three-dimensional: they either extend the physical world
with digital information by overlaying it with virtual content
(AR) or create a new, also three dimensional, virtual world
(VR). They therefore require 3D gaze information rather than
a 2D gaze point on a device screen. While this may seem like
a small shift in perspective, the implications, as shown in
this paper, are compelling and far-reaching.

To fully understand the interaction space arising from the
combination of HMDs and 3D gaze, a systematic analysis of
properties of both technologies is necessary, but currently
missing. To fill this gap, we propose the first design space for
gaze interaction on HMDs. The aim is to identify key chal-
lenges and characterize the potential for future interaction
design for the combination of these technologies.

Our design space is presented as a two-dimensional ma-
trix (also known as Zwicky box [64]), which is spanned by
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the two dimensions: D1 technical properties of HMDs and
D2 properties of human depth perception. In a first step we
describe the resulting matrix based on a pure technologi-
cal comparison. In a second step we show three different
perspectives on our design space (technological, application-
based and interaction-based). Additionally, we discuss usage
implications of the design space for interaction design from
a user-centered perspective, and identify basic interaction
possibilities that serve as basic modules for the development
of gaze-based applications for HMDs.

With the design space we offer an approach and perspec-
tive for designers, researchers and practitioners to explore po-
tential interaction techniques and applications arising from
the combination of HMD and 3D Gaze. We strive to inspire
readers of our work to build upon the presented design space
aiming to create new possibilities for interaction design.

The contributions of our work are two-fold: First, we de-
velop a design space for gaze interaction on head-mounted
displays, offering a new approach and perspective to derive
possible interaction techniques and applications for the com-
bination of HMDs and 3D gaze. Second, we show how to
apply our design space by demonstrating how to design and
implement applications and presenting a prototypical imple-
mentation of two interactive applications: EyeHealth and
XRay-Vision.

2 BACKGROUND
Our work mainly builds upon four general fields of research:
Design Spaces in HCI, Classifications of HMDs, Human Depth
Perception and Measuring Gaze Depth.

Design Spaces in HCI
In the field of Human-Computer Interaction (HCI) taxonomies
[16] and design spaces [9] have been used to understand and
explore the potential of existing (e.g. smartphone [2]) and
upcoming technologies (e.g. shape changing interfaces [26]).
Foley et al. [16] showed that taxonomies are a useful way to
systematize knowledge about input devices and interaction
techniques for graphical user interfaces. Covering most of
Foley et al.’s presented input devices, Card et al. [8] proposed
a taxonomy to structure the huge amount of arising input
devices for desktop computing in the late 80s. They showed
that interaction can be modeled as an artificial language
among three parts: human, device (user dialogue machine)
and application. In a second work Card et al. [9] demon-
strated that morphological analysis, as presented by Zwicky
[64], can be applied for the creation of design spaces and
revelation of new interaction designs in the field of HCI.
Morphological analysis aims to create a multidimensional
matrix that contains all possible combinations of parameters
that are relevant to a specific problem. In the case of user

interfaces these parameters are often certain properties of
devices (e.g. physical properties such as rotate or position of
input devices [2, 9]). As pointed out by Ballagas et al. [3] the
resulting matrix indicates promising families of solutions by
heavily populated cells, as well as a possible lack of solutions
by unpopulated areas of the matrix.

As such, building a design space to gain understanding of
the fusion of HMDs and 3D gaze is a first step to uncover
its potential. Inspired by Card et al. [8], building our design
space we also focused on the three parts human (D2 proper-
ties of depth perception), device (D1 technical properties of
HMDs) and application (implications for interaction design).

Classifications of Head-mounted displays
Ivan Sutherland’s "Sword of Damocles" is often considered
to be the first HMD created [53]. Sutherland wanted to em-
phasize the 3D nature of this new technology and called it
initially a "head-mounted three dimensional display". In the
following years researchers started to gain deeper under-
standing of this type of display and started to define proper-
ties [1, 5, 63] and propose taxonomies [37] and classifications
[38, 60]. Milgram et al. proposed one of the fundamental clas-
sifications by categorizing HMDs based on a set of criteria
along a reality-virtuality-continuum [37, 38]. One of the big
insights of Milgram et al. was to divide the perspective on
HMDs into a real and a virtual component. As such HMD
devices can be positioned on the continuum according to
the relation between their real and virtual component. This
fundamental perspective allowed later to define properties
of AR devices [1, 63] and VR devices [5, 60] respectively. AR
was characterized by Azuma [1] to have the following charac-
teristics: combines real and virtual, interactive in real time and
registered in 3D. Zhou et al. [63] presented an overview of 20
years AR research showing a particular focus on: interaction,
tracking and display technology. VR can here be seen as an
extreme case on the reality-virtuality continuum consisting
of solely virtual content. Therefore, Billinghurst [4] named
a set of key characteristics for VR as: 3D stereoscopic display,
wide field of view and low latency head tracking. Addition-
ally to the reality-virtuality continuum Milgram et al. [38]
offer three more classification criteria of HMDs: extent of
world knowledge, reproduction fidelity and extent of presence
metaphor.

Based on these classifications and taxonomies we defined
parameters for our first dimension D1 to classify HMD tech-
nology in our design space. Based on Milgram et al.’s [38]
continuum and Azuma’s [1] characteristics we defined the
parameter device typewith the values AR and VR. Based on
Zhou et al.’s [63] overview of display technology we defined
the parameter display type with the values monoscopic and
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Figure 1: (a) overview of oculomotor and visual depth cues.
Vergence ismainly driven by binocular disparity and accom-
modation is mainly driven by retinal blur (adapted from
[24]). (b) three examples for pictorial depth cues.

stereoscopic. Finally, based on Milgram et al.’s extent of world
knowledge, Azuma’s characteristics and Zhou et al.’s track-
ing we defined the parameter world knowledge with the
values full and none.

Human Depth Perception
The human visual system perceives depth through several
visual depth cues that send independent signals to the brain to
create a three dimensional image [29]. These visual cues can
be classified into monocular and binocular cues. Monocular
visual depth cues are either static or dynamic. Static refers to
pictorial cues, such as the relative size of objects, occlusion
or light and shadow distribution [50], or retinal blur, which
refers to the sensed magnitude of focal blur on the retina [33],
and can imply depth even in flat images (see Fig. 1 (b)). There
is only one binocular depth cue, which is binocular disparity
and refers to the two slightly different images perceived by
the eyes due to their horizontal separation [24].
The perception of these visual depth cues evokes an ocu-

lomotor response of the eyes to ensure that a visual scene is
perceived sharply, which is referred to as oculomotor depth
cues. These are vergence, accommodation and pupillary con-
striction [50]. Here, vergence is the simultaneous inward
rotation of the eyes to locate the projected images per eye
on the fovea, which is the part on the retina with the highest
spatial acuity, allowing the brain to fuse them into a sin-
gle percept [13]. Accommodation refers to the alteration of
the lens to maintain the area of interest on the fovea and
the pupil constricts with near vergence/accommodation to
compensate for a narrow depth of field [29] (see Fig. 1 (a)).

Whereas vergence is mostly driven by binocular disparity
(binocular depth cue), accommodation is evoked by retinal
blur (monocular depth cue) [24]. Oculomotor cues are cross

correlated and mostly in agreement with each other under
normal viewing conditions. Stereoscopic displays often only
allow for a few depth cues to be realized [11], which leads to
conflicting depth information (e.g. vergence-accommodation
conflict [20, 51]). In the following we discuss how these
oculomotor depth cues can be applied for measuring gaze
depth.

Measuring Gaze Depth
Since we are interested in the 3D position of a user’s gaze,
we focus on oculomotor depth cues using either vergence or
accommodation. Whereas previous work on 3D gaze estima-
tion mainly focuses on vergence-estimates, we also shortly
discuss the measurement of accommodation.

Vergence. Most related work that measures gaze depth ap-
plies vergence-estimates, mostly referred to as 3D gaze track-
ing. On average the closest point one can converge to is at
about 20cm distance from the eyes and it is generally agreed
on that vergence can reliably (with a difference in visual
angle of greater than 1°) be measured for a maximum dis-
tance of about 1.5m from the eyes (e.g. [39]). In the following
we will briefly discuss how gaze depth can be measured
vergence-based.

Pfeiffer [46] classified 3D gaze tracking algorithms into
geometry-based and holistic estimation. The former relies on
a geometric model of the target objects, which is intersected
with the visual axis of at least one eye resulting in a 3D point
of regard. Holistic estimation is independent of a geometric
model, here a 3D point is calculated based on the information
of the observer only. The main difference is that geometry-
based estimation is object centered, i.e. the estimated 3D
gaze point is positioned on a target object, whereas holistic
estimation is world-centered positioning a 3D gaze point
absolutely in the 3D world. For Pfeiffer’s geometry-based
systems it is sufficient to calculate a 2D gaze point on a screen
and intersect it with a model of the environment. For this,
monocular [18, 35, 41] or binocular [44, 47] gaze estimation
can be applied. There are also several approaches for the
holistic estimation of 3D gaze. Whereas monocular holistic
approaches require a 3D calibration procedure [30, 34, 52],
binocular holistic approaches do not necessarily rely on it
[12, 39, 58]. General challenges for 3D gaze estimation are the
estimation of a gaze point on target objects that are smaller
than the accuracy of the eye tracking system and can thus
not be measured reliably. A problem of monocular tracking
is that only what one eye sees is considered, if the sight of
the not-measured eye is occluded by an object this cannot be
represented in the 3D gaze tracking model. A further general
problem of 3D gaze estimation is that due to the physiology
of the eyes, attention should rather be seen as a 3D volume
in space than a single point in space [46].
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There is a large number of works that applies eye track-
ing for explicit or implicit interaction on HMDs (e.g. solely
[13, 23] or as additional modality [27, 48]). Whereas these
works mainly rely on 2D gaze tracking, for 3D gaze and
HMDs only few works have been presented. Elmadjian et al.
[14] point out that 3D interaction on AR/VR HMDs can be re-
fined using 3D gaze, e.g. by resolving where a user is looking
at when objects partially occlude. Weier et al. [59] presented
an estimator for gaze depth using an eye tracker inside a VR
HMD, applying multiple features, including vergence mea-
sures. Lee et al. [31] point out that for remote collaboration
AR applications it is important to know whether the user is
looking at the virtual image or real world objects.

Accommodation. Accommodation is usually given in diopters
(D = 1/meters) and describes the power of the lens, i.e. the
range for which the human eye can put objects into focus.
On average the closest point one can accommodate to is
at about 25cm distance from the eyes (the farthest point is
infinity [54]). The human eye is further considered to have a
depth-of-field (DoF) of about 0.3D [7], which influences both
vergence [12] and accommodation measurement.

Accommodation is measured with an autorefractor. These
are standard devices in ophthalmology, but have not been
used often in HCI research. They are used in the field of gaze-
contingent rendering: Padmanaban et al. [42] used an autore-
fractor to measure how display prototypes influence accom-
modation and Koulieris et al. [25] evaluated whether gaze-
contingent DoF and several multi-focal display approaches
drive the actual accommodation of the eye using measures
from an autorefractor attached to an HMD.

We integrated the different possibilities to measure gaze
depth in the design space for the definition of our second
dimensionD2. For this we selected the following two param-
eters to classify human depth perception and its application
for obtaining a 3D gaze presentation: oculomotor depth
cue with the values vergence and accommodation and ocu-
larity with the values monocular and binocular.

3 DESIGN SPACE
The unique properties of human depth perception and the
specific technical requirements of current head-mounted
displays call for a structured analysis to identify key chal-
lenges and characterize the potential for future interaction
design. With our design space we give an approach for such
a structured analysis, which is currently missing. The design
space aims to make researchers and designers aware of and
help them to address challenges of future gaze interfaces on
HMDs.

Figure 2: The matrix as obtained by the morphological ap-
proach containing all combinations of parameters. The com-
binations that make technically no sense, or are irrelevant
for the design space are highlighted in gray.

The two dimensions that span the design space are (D1)
technical properties of HMDs and (D2) properties of hu-
man depth perception. D1 is hereby defined by three pa-
rameters that were selected according to generally accepted
technical classifications of HMD technology (see section 2
classifications of HMDs): device type, display type and
world knowledge. D2 is defined by two parameters that
were selected based on an analysis of human depth cues
(see section 2 human depth perception) and their applica-
tion for measuring gaze depth (see section 2 measuring gaze
depth): oculomotor depth cue and ocularity. Each of the
parameters has two binary values. These are for D1: device
type (AR/VR), display type (monoscopic/stereoscopic)
and world knowledge (none/full) and for D2: oculomotor
depth cue (vergence/accommodation) and ocularity (mo-
nocular/binocular). To reduce complexity we restricted
the parameters to have binary values. This does not map the
whole spectrum of possibilities, however the set of values
can be expanded in future.

Following the approach of morphological analysis we com-
bined all of these values in a multidimensional matrix, also
known as Zwicky box [64], which is a well-established tool
for ideation and the creation of design spaces (e.g. [3]). Ac-
cording to the approach of morphological analysis the such
created matrix contains all combinations of parameters that
are relevant for a given problem and helps to identify promis-
ing families of solutions, as well as a possible lack of solutions
by the quantity of solutions in specific cells. The resulting
matrix with all combinations is shown in Figure 2, where D1
is positioned on the y-axis and D2 on the x-axis.

In the following we describe the parameters and their set
of values for each dimension in more detail. We will then
discuss the content of the resulting cells in the matrix from
different perspectives and give approaches on how to use
and apply the design space.
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Dimensions, Parameters and Values
The parameter with their individual set of values were ob-
tained from a literature review and are described in the fol-
lowing, starting with the values for D1 and then those for
D2 accordingly.

Device Type (D1). is divided into the values AR and VR
HMDs.

Display Type (D1). is divided intomonoscopic and stereo-
scopic displays. On monoscopic displays only monocular vi-
sual depth cues (e.g. motion parallax or pictorial cues, such as
occlusion or light and shadow distribution) can be displayed.
On stereoscopic displays we have additionally binocular dis-
parity, i.e. both eyes perceive a slightly different image, as
such "real depth" can be induced.

World Knowledge (D1). is divided into full and none. The
parameter is inspired by Milgram et al. [38], who described
the extent of world knowledge as a continuum reaching from
the "unmodeled world" extreme, where nothing is known
about the world, to the "world completely modeled" extreme,
which is described as the computer having complete knowl-
edge about each object in the world (including semantics).
We do not depict the whole continuum, but limit it to the two
values none and full. Having no world knowledge implies
not having any information about the surrounding world.
We define full knowledge as having a 3D representation (e.g.
mesh) of the surrounding environment (corresponding to the
current state of the art of devices such as HoloLens [36] and
MagicLeap [32]). This does not include semantic knowledge,
but is limited to the physical representation, since we wanted
to focus on current devices for now. For AR the surrounding
environment refers to the physical world, which is enriched
with virtual content. For VR the surrounding environment is
by definition completely virtual. We also include positional
and rotation tracking into our definition of world knowl-
edge, i.e. having positional and/or rotational tracking of the
user belongs to full world knowledge, while with no world
knowledge we have no additional tracking.

Oculomotor Depth Cue (D2). is divided into vergence and
accommodation. Both cues can be applied to obtain an
estimate for a 3D gaze presentation. Whereas the measure-
ment of vergence (i.e. simultaneous inward rotation of the
eyes) results in a 3D gaze point, the measurement of ac-
commodation (i.e. bending of the lens) results in a 3D gaze
depth level, which can be imagined as a plane instead of
a point in space. As pointed out in section 2, vergence can
be measured for about 0.2m to 1.5m distance from the user.
The measurement of accommodation is influenced by the
depth-of-field of the human eye, i.e. the range for which ob-
jects appear sharply when accommodating to a certain depth.

Since this increases with increasing distance (for a far away
placed object the distance range for which objects appear
in focus around the fixated object increases exponentially),
the accuracy for accommodation measurements decreases
accordingly.

Ocularity (D2). is divided intomonocular and binocular.
This refers to whether the measurement of one eye suffices to
obtain a 3D gaze representation or if the estimation of both
eyes is required. Since vergence is a binocular depth cue, in
general both eyes have to be measured. However, there are
systems that obtain vergence values based on one eye only.
These approaches require a depth calibration procedure, i.e.
mapping gaze values to several depths, whereas binocular
vergence estimation does not necessarily rely on a depth
calibration. Accommodation is a monocular depth cue and
as such it is sufficient to measure one eye.

We excluded the combinations of values that do not make
sense technically (monoscopic VR) or that are irrelevant for
the resulting design space, e.g. binocular accommodation es-
timation. Accommodation is a monocular depth cue and as
such requires only one eye to be measured [54]. We also
excluded the column for no world knowledge in VR, since
according to the definition of world knowledge for VR we
have always full world knowledge. The resulting matrix is
indicated by the white cells in Figure 2, D1 represented on
the y-axis and D2 on the x-axis.

Views on the Design Space
The resulting design space contains cells that are each com-
posed by an HMD part (D1) and a representation of 3D gaze
(D2). In the following we show the broad applicability of our
design space by giving three exemplary views on how the
cells of the design space can be filled. These are technology-,
application- and interaction-based. A cell is hereby given as
(n,m), where n is derived byD1 (y-axis) and m byD2 (x-axis).

Technology-based View. This view refers to filling the de-
sign space with technical devices in combination with eye
tracking devices and gaze depth algorithms.

The Microsoft HoloLens with an attached Pupil Labs eye
tracking add-on (capable of obtaining a 3D gaze point) can
for example be placed in cell (2,2) (see Fig. 3). At this D1
defines to which row the Hololens belongs: it is an AR device
with a stereoscopic display, having full world knowledge. D2
defines to which row the Pupil Labs/eye tracking algorithm
belongs: the headset is able to obtain a 3D gaze point based
on binocular vergence estimates.
Another example is the HTC Vive [57], also with an at-

tached Pupil Labs add-on. Here D1 defines row 1 for the
HTC Vive, since it is a stereoscopic VR device by definition
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Figure 3: Technology-based view on the design space: it
can be filled with device types and 3D gaze tracking ap-
proaches/eye tracking devices. Here each device type can be
positioned in one row of the design space and each eye track-
ing device/3D gaze estimation technique can be positioned
in one column.

having full world knowledge. D2 defines again column 2 of
the 3D gaze part, resulting in cell (1,2). In this way all cells
can be filled accordingly. There are some combinations that
are technically not possible yet (e.g. measuring accommo-
dation with an AR device). Because of this our design space
is intentionally built to be expandable in future. We show
some more examples of technical allocations in Figure 3.

Application-based View. This view refers to filling the de-
sign space with applications that combine a 3D gaze-based
interaction approach with HMDs.
One example for this view was presented by Hirzle et al.

[19]. In their work they implemented an application that
creates a 3D scan of a gazed-at object. For D1 they used a
stereoscopic AR device with full world knowledge (row 2).
For D2 the application relies on binocular vergence estimate
to calculate a 3D gaze point in space, as such the application
results in cell (2,2) of the design space
Another example is presented by Kirst and Bulling [23].

They used voluntary vergence eye movements to perform
a timely precise and accurate input gesture. Although their
study was conducted with a display, the same eye movement
could be applied for a selection task on AR or VR displays.
As such only D2 defines the classification of this application
in our design space. This results in a a whole column rather
than a single cell (see Fig. 4). Content that can be put into
more than one cell or even into a whole row/column are
defined as being independent of the content of the according
dimensions, as presented in this example. More precisely for

Figure 4: Application-based view on the design space: it
can be filled with concrete applications. When an applica-
tion is positioned in only one cells it means that it can
exclusively implemented with the according devices from
the technology-based view. Applications that are positioned
in more than one cell indicate alternative implementa-
tions/device types.

this current example it means the technical implementation
is independent of the type of HMD used. In other words:
the application can be implemented with all kinds of HMDs
occurring in our design space, but only depends on the 3D
gaze tracking algorithm. Cells can also be filled with various
applications, as shown exemplary in cell (2,2) or (3,2).

Interaction-based View. This view refers to filling the design
space with general interaction possibilities. These possibili-
ties can then be used for/implemented in concrete applica-
tions, as presented in the section before.
An example for this category is to use a user’s 3D gaze

point in space for the correct positioning of augmented con-
tent in the real world. This interaction possibility requires for
D1 full world knowledge and a stereoscopic display to be able
to correctly display depth information. ForD2 it requires the
estimation of a 3D gaze point. As such it can be positioned
in cells (2,1) and (2,2) as shown in Figure 5 (red).
Another interaction possibility is to use gaze informa-

tion to differ whether the user is currently looking at the
real world or at augmented content. This possibility can be
implemented with various devices/tracking algorithms. For
example one could use accommodation-estimates to recog-
nize whether the user is accommodating to the virtual plane,
which would correspond to all cells in the rightmost column
(see Fig. 5 (yellow)). The same possibility could be imple-
mented using an AR device with full world knowledge and
thus can be positioned in all cells of the second row. This
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Figure 5: Interaction-based view on the design space: it can
be filled with basic interaction possibilities, which can then
be applied/implemented in concrete applications.

specific example shows that a possibility is not exclusively
limited to one cell or one concrete implementation derived
by D1 or D2. It can rather be implemented by a set of values
from both dimensions.

With our design space we aim to give a starting point
to analyze the interaction space of HMD and 3D gaze tech-
nology. The design space was built to give some examples
on how to tackle problems in this area and to start filling it
with exemplary content. This shows that the contribution
of our design space is not the actual listing of content or its
allocations, but rather the conceptual framework, we offer
to think about the combination of HMDs and 3D gaze. We
further want to highlight that the views we presented on
the design space are not unique, i.e. the design space was
designed openly and allows for more definitions of views
and content. It therefore provides the opportunity to derive
a much broader set of device types, applications and interac-
tion possibilities than explicitly presented here. One of the
results of applying views on the design space is the identi-
fication of clusters of promising solutions, as visible in cell
(2,2), because this one is already heavily populated (which
holds for all three here presented views). A lack of solutions
can also already be seen for example in cell (5,3), which is
only sparsely populated. This is open for interpretations of
causality. Meaning, it could on the one hand mean that this
specific combination of technologies is meaningless in the
context of this design space and is not applicable for inter-
action design. On the other hand this lack could mean that
solutions have just not been found or developed yet.

4 USAGE OF DESIGN SPACE
We propose two ways how our design space can be used in
practice to derive new technological combinations, applica-
tions and interaction possibilities. The classification-based
approach aims to position applications inside the space to
identify technological requirements. The usage of the design
space as ideation tool aims to derive new interaction pos-
sibilities, applications and even new device types based on
fundamental components of the design space.

Classification-based Technique
The classification-based technique of using the design space
aims to identify technological requirements for given con-
tent and can be seen as a top-down approach. It is mainly di-
rected towards designers and practitioners that have specific
application scenarios or interaction possibilities for gaze-
interaction on HMDs in mind. The aim is to identify devices
and concrete implementations they could use. This approach
also provides the possibility of identifying interaction pos-
sibilities that have to be fulfilled, similar to a requirements
analysis. By filling several cells, this approach helps to iden-
tify alternative implementations or device types that could
be used. In the following we illustrate this form of usage
with an application example:

Example. We demonstrate the classification-based technique
with the example application EyeHealth, which is composed
of several exercises that aim to train the eye muscles and
help with eye redness, fatigue and tension. In this section
we concentrate on the classification of the application, a
more detailed description of the single eye exercises follows
in section 5. We started by decomposing existing EyeCare
applications (mainly based on the smartphone application
Eye Care Plus [6]) into the basic interaction possibility they
rely on. Since the aim of those exercises is mainly to train
the eye muscles and trigger refocusing of the eyes, we found
the main interaction possibility "triggering an action by per-
forming a con-/divergent eye movement" as shown in Figure
5. In the next step it had to be identified on which specific
technological requirements the interaction possibility relies
on in this case. Since the application is based on stimuli
that are presented for both eyes (to be able to induce depth)
a stereoscopic display is required. The presentation of the
stimuli is further fixed to the display and therefore does not
require full world knowledge. The combination of these re-
quirements point out a cell, where the EyeHealth application
is positioned inside the design space (cell (3,2)) indicating
what specific technologies (e.g. type of HMD) and implemen-
tations (e.g. mono-/binocular eye tracking) have to be used
to implement the application (see Fig. 4).
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Figure 6: Here the different components are shown that are
available for the ideation techniques.

Ideation Tool
Using the design space as an ideation tool is mainly directed
towards researchers, designers and practitioners with the
aim to derive new device types, interaction possibilities and
application ideas expanding the content of the design space.
For this, we define three types of components (P, V and

G) that cover a user’s view of the world in the context of the
design space. P refers here to knowledge that is available
about the physical world,V refers to virtual world knowledge
and G refers to knowledge that is available about the 3D
gaze representation. This definition of component types is
inspired by Milgram et al.’s [38] view on HMDs, who defined
them to have a physical and virtual part. We combine this
perspective with a representation of the user’s gaze in 3D.
An important realization is that G can exist inside both, the
virtual V and physical Pworld but not at the same time. This
realization is important to keep in mind when designing
applications. For VR systems P is meaningless and only V
and G apply, since VR by definition relies on virtual content
only. The component types are strongly influenced by the
parameters occurring in the design space (see Fig. 6). We
present two different components for P and V respectively
and three for G. However, these sets are not exhaustive and
users are encouraged to expand them in the future.

Inspired by Card et al.’s [8] operators we then define exem-
plary aggregations that are applied to transfer the proper-
ties of each component into new expressions of device types
or basic interaction possibilities. We choose two aggrega-
tions, which we will describe in more detail: addition and
substitution.

Addition: adding two or three components results for exam-
ple in a basic interaction possibility. An example would be
adding full world knowledge for type P and a 3D gaze point
for type G as shown in Figure 7 (left). Here the gaze point
exists in the physical world P and can therefore be applied
for refining the knowledge that we have about the physi-
cal world. One could for example recognize when the user
follows a moving object with the eyes and as such detects
something that is not available in the 3D representation of P.

Figure 7: Here we graphically demonstrate the two aggre-
gation techniques addition and substitution, which we pro-
pose as ideation techniques.

This information can then be applied to refine the physical
3D representation. This interaction possibility could be put
in cells (2,2) and (4,2) of the design space.

Substitution: here we start with a concrete set of three com-
ponents (one of each type). Then we remove one of them and
try to substitute for it’s functionality using the remaining
two components. An example is shown in Figure 7 (right):
here the set of components consists of full world knowl-
edge for type P, a stereoscopic display type for type V and
accommodation-based 3D gaze estimation for type G. The
component that should be substituted is full world knowl-
edge. This could be done by recognizing whether the user is
looking at the virtual display indicated by accommodation
measurement. If the accommodation values do not corre-
spond to the virtual plane, the user is probably looking at
real world content. Thus the lack of world knowledge can be
compensated for by the other two components. In this case,
the functionality is not available yet because an autorefractor
integrated into an HMD would be required. However, we
want to use it for showing the power and feasibility of our
design space that also applies to future device types. (Also
ideation aims to generate ideas, not to discard them due to
technical restrictions.)

Example. We demonstrate the ideation tool technique with
the example X-Ray Vision, which was derived by the concept
addition: We started with the components P: full world knowl-
edge (as 3D mesh) and G: 3D gaze binocular, the combination
of which results in three options: 3D gaze lies behind, on or
in front of the mesh. Therefore, 3D gaze can be used to focus
on objects that lie on, behind or in front of an object. A first
implementation showed that it is almost impossible to focus
on an imaginary point. Therefore, in the next iteration we
added the third component V: stereoscopic display type to be
able to display a virtual construct to guide the gaze, resulting
in a scaffolding pattern that helps the user to shift focus (see
section 5 for a more detailed description).
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Figure 8: Here we present four eye health exercises that help to reduce eye strain and tension by training the eye muscles.
These are: (a) "Split Images", (b) "Follow the Bouncing Ball", (c) "Focus Shift" and (d) "Look Through the Wall".

The set of aggregations we proposed is expandable. For
example Ramesh Raskar’s [49] idea hexagon could also be
applied for the components. We showed two examples of
how our design space can be used to generate new ideas. In
the next section we present two example applications that
were derived by using these techniques.

5 PROTOTYPE AND APPLICATIONS
In the followingwe present two example applications that we
derived using the classification-based technique of the design
space. With the specific implementation we want to show
the feasibility and applicability of our design space on the
one hand. On the other hand we want to give insights that
we derived during the implementation of the applications,
which is what we present first before describing the concrete
applications.

Insights
We started with using voluntary con-/divergent eye move-
ments as an interaction method. Here we realized that while
performing voluntary convergent eye movements is achiev-
able with some amount of training, it is extremely difficult to
fixate on a concrete but invisible point in space (e.g. fixating
on a point behind a wall). To support the user in doing so,
we explored different approaches to provide visual guidance.
One of these is using a grid of semi transparent cubes as a
scaffold (see Fig. 9 (c)). Another application of scaffolding is
to help users resolve depth conflicts: since current HMDs
like the HoloLens have a fixed accommodation plane it is
sometimes difficult to distinguish whether a virtual object is
positioned in front of or behind a physical object. For this
we colored the cubes of the scaffold in two different colors
indicating whether it lies in front of or behind a physical
object. We explored some variations of the representation
with the goal of the scaffold to be as unintrusive as possible
for the user (e.g. size, transparency, frequency). One pos-
sible adoption is that the scaffold only appears around UI
elements that need depth as an interaction instead of being

currently scattered all over the physical space. However, fu-
ture research can explore the individual benefits of different
scaffolding techniques for 3D gaze interaction.
We implemented two example applications, where we

practically implemented the insights. For this, we used the
Microsoft HoloLens with an eye tracking add-on from Pupil
Labs [21] to implement the applications that we present
in the following. To calculate the 3D gaze point we used
the 3D model tracking algorithm from Pupil Labs, which
relies on a model-fitting algorithm approximating the two
eyeballs as spheres and measuring their rotation to measure
a 3D gaze point. We further applied the 1e low-pass filter
for data smoothing [10]. In section 4 we explained how the
two example applications were derived using the presented
usage techniques of the design space. In this section we
concentrate on the specific content and implementation of
the applications.

EyeHealth
As indicated in section 4, for this applicationwe implemented
four exercises that aim to train the eye muscles and help with
eye redness, fatigue and tension. They are also designed to
help with spasm of accommodation, which refers to a condi-
tion where the eye remains in a constant state of contraction.
The exercises are based on the Eye Care Plus application [6],
which also includes the medical intentions.

Split Images: Here a so called "split image" is presented on
a virtual plane (see Fig. 8 (a)). A split image refers hereby
to an image which is split in half, and each of its compo-
nents is shown on one side of the virtual plane. In front of
the image a red bar is positioned, which can be moved for-
ward/backward. When focusing on the red bar it turns green,
as such the system indicates that it keeps track of the user’s
eye movements. When focusing on the forward moving bar
the two split images in the background merge to one percept.
This exercise aims to improve focusing and stimulate the
vision center of the brain among others.

CHI 2019 Paper  CHI 2019, May 4–9, 2019, Glasgow, Scotland, UK

Paper 625 Page 9



Follow the Bouncing Ball: A sphere is moving through
space and the user has to follow it with her eyes. The sphere
turns green when a fixation is detected (see Fig. 8 (b)). This
application aims to reduce eye stress and tension and tries
to make the eyes more focused.
Focus shift: this application aims to train the eye mus-

cles by "forcing" the eyes to refocus between forwards and
backwards moving objects. Hereby a sphere and a cube are
presented on the display, one of which moves forward or
backward while the other does not move. The user has to fol-
low themoving object with her eyes, which is again indicated
by turning green (see Fig. 8 (c)).
Look Through the Wall: Here performing a voluntary, di-

vergent eye movement is trained. A 3D object is positioned
behind a slightly transparent wall. The user has to focus
the object behind the wall. Once this is detected the wall in
front of the object disappears. Once the user refocuses on an
object in front of the wall the wall appears again. This can
be tested with different degrees of transparency (see Fig. 8
(d)) and also aims to train the eye muscles.

X-Ray Vision
This application was derived by the design space following
the ideation tool technique as described in section 4. For this
application, some hidden virtual content is triggered by the
user when they focus at a point behind the wall (see Fig. 9).
This is difficult, because our eyes are not used to focus on an
invisible point in space. Therefore we provide a "scaffolding
pattern", as shown in Figure 9 (c). This pattern is meant to
support the user in refocusing, i.e. performing voluntary con-
vergent and divergent eye movements, by applying pictorial
depth cues (e.g. points in the front are bigger than points
in the background). When the user successfully triggered
a divergent movement with the eyes, i.e. established a pre-
defined threshold from the 3D gaze point to the wall, the
hidden virtual content is displayed (see Fig. 9 (b)). At this
the horizon in the image helps to keep the eyes fixated at a
certain distance.

6 CONCLUSION
In this work we presented the first design space for 3D gaze
interaction on head-mounted displays. We identified two di-
mensions that combine technical properties of current HMD
technology (D1) with properties of human depth percep-
tion (D2). The design space is directed towards researchers,
designers and practitioners to identify opportunities and
challenges for this new combination of two arising tech-
nologies. We demonstrated with three views on the design
space how it can be filled with different types of content
(technological, applications and interaction possibilities). We
further showed the feasibility of our design space by propos-
ing two forms of usage, one to classify applications and a

Figure 9: X-Ray Vision enables a user to reveal hidden vir-
tual content behind a static physical object ((a) and (b)), e.g.
a wall, by focusing on a point that lies behind the object.
Since this is difficult to achieve without training we provide
a "scaffolding pattern" (c), which is composed of small cubes
to support the user in focusing at points on different depth
levels. The colors and size of the scaffold in the figure are
depicted exaggeratedly to make them visible to the reader.

second to derive new interaction ideas by using the design
space as an ideation tool. In a last step, we used our design
space to design and implement two exemplary interactive
applications.

Future Work and Limitations
Our design space is not limited to current device types or
gaze tracking algorithms. The aim was to present a design
space that gives an approach on how to think about problems
and especially opportunities that arise from this combination
of two technologies. The parameters we presented here were
chosen to cover most of the current device types, however
we want to emphasize that the framework allows for (and
even gears towards) extension.
An example to expand the design space is adding light

field or multi-focal displays to D1, which would result in
more interaction possibilities for accommodation-based esti-
mates.Another extension point is the parameter world knowl-
edge: right now we treat this parameter as a binary one,
assuming to have either no knowledge or to have a 3D rep-
resentation of the environment with user tracking. However,
we are aware that especially this parameter is expandable.
On the one hand one could classify it more detailed con-
sidering more than two values and even extend it towards
adding semantic object knowledge, where a representation
of the environment would not only include a 3D map, but
also knowledge about the objects that exist in it (similar to
the extent of world knowledge as defined by Milgram et al.
[38]).
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ABSTRACT
Display-based interfaces pose high demands on users’ eyes that
can cause severe vision and eye problems, also known as digital
eye strain (DES). Although these problems can become even more
severe if the eyes are actively used for interaction, prior work on
gaze-based interfaces has largely neglected these risks. We offer
the first comprehensive account of DES in gaze-based interactive
systems that is specifically geared to gaze interaction designers.
Through an extensive survey of more than 400 papers published
over the last 46 years, we first discuss the current role of DES in
interactive systems. One key finding is that DES is only rarely
considered when evaluating novel gaze interfaces and neglected in
discussions of usability. We identify the main causes and solutions
to DES and derive recommendations for interaction designers on
how to guide future research on evaluating and alleviating DES.
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1 INTRODUCTION
Digital eye strain (DES) has been observed in computer users since
the first screen-based devices were introduced [Blehm et al. 2005].
Traditionally, DES has been investigated with computer monitors,
often as part of work place ergonomics [Ong et al. 1988]. The shift
from using computers exclusively at work towards using them
pervasively in everyday life has turned DES into an omnipresent
problemwith up to 90% of computer users being affected [Rosenfield
2011]. When extrapolating this into a future where computerized
eyewear will additionally be used [Bulling and Kunze 2016], it is
conceivable that DES becomes an evenmore serious health problem.

The effects of DES negatively impact users’ general well-being
and quality of life [Miljanović et al. 2007] and may lead to vision
problems, such as lags in accommodation [Rosenfield 2011; Tosha
et al. 2009] and vergence [Blehm et al. 2005] responses or the dry
eye syndrome [Miljanović et al. 2007]. Gaze-based interfaces in-
crease these problems as they add an active function to the eye’s
primary function as a perceptual organ. Recent work has shown
that gaze input (e.g., dwell time interaction) can lead to an addi-
tional demand on the eyes and thus further enhance DES [Putze
et al. 2016; Rajanna 2016; Rajanna and Hammond 2016]. Despite the
severe health problems posed by DES, which can be expected to be-
come even more serious in the future, prior research on gaze-based
interfaces has largely neglected these risks.

We offer the first comprehensive account of the problems of DES.
Through an extensive survey of more than 400 papers published
over the last 46 years, we first provide an overview of objective and
subjective assessment methods of DES and discuss how they can
be applied by non-experts. We then summarize causes and point
out which ones stem from passively observing digital content and
which ones result from active eye-based input. Finally, we present
current solutions to DES and give an overview which symptoms
they address and which ones are currently neglected.

One key finding is that despite the negative impact of DES on
users’ health, solutions to alleviate or avoid the symptoms are rare
in that they mainly address causes that stem from the interaction
device, but only few that stem from gaze-based techniques. Also,
eye strain is only rarely considered when evaluating novel eye-
based interfaces and little attention is paid to it in discussions of
usability of gaze interaction techniques. Additionally, the amount
of different measurement techniques combined with inconsistent
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Table 1: Keywords that were used for the online search.

gaze interaction-related gaze-based, gaze interaction, eye-based,
human-computer interaction, interactive system

DES-related computer vision syndrome, eye fatigue, eye strain,
visual discomfort, visual fatigue, eye health

terminology have made it difficult to identify suitable assessment
methods, as well as solutions. Based on our findings, we derive
recommendations on how future research should evaluate gaze
interaction techniques and develop solutions to alleviate it.

The specific contributions of our work are three-fold. First, we
present a comprehensive overview of objective and subjective as-
sessment methods of DES and cluster its causes into those passively
caused by looking at displays and actively caused by explicit eye-
based interaction. Second, we present current approaches that aim
to alleviate DES in interactive systems. Finally, we share insights
on challenges that have to be overcome and give recommendations
that could guide future research to develop potential solutions.

2 METHOD
The goal of our literature survey is to gain knowledge on how
the gaze interaction community currently deals with digital eye
strain. More specifically, we aim to identify causes, assessment
methods, and approaches to alleviate DES. To address these goals
we conducted a comprehensive literature survey based on two
sets of keywords (see Table 1). Given that this paper is specifically
geared to the gaze interaction community, we defined one set of
gaze interaction-related keywords in addition to one of DES-related
keywords. We then conducted an online search of the two scientific
databases that include the most relevant conferences and journals
on interactive systems (ACM Digital Library1 and IEEE Xplore2)
with both sets of keywords in a three-step process loosely based on
the steps suggested by the PRISMA guidelines [Moher et al. 2009].

We started with identifying assessment methods and causes.
To this end, we first searched in full text and meta data (abstract,
title, keywords) of named data bases (limited to conference and
journal publications) using the DES-related terms. We found 1246
(499 IEEE, 747 ACM) papers, the oldest of which was published in
1919 [Stickney 1919]. In order to identify possible solutions, we
further limited this set by filtering the papers using the interaction-
related keywords, which resulted in 465 papers in a time period of
1973 to 2019. By skimming through the titles of the remaining 781
papers, we added 8 papers to the set that seemed important due to
their title, e.g., [Dementyev and Holz 2017; Tong Boon Tang and
Noor 2015], leaving us with a set of 473 papers.

In a second step two of the authors identified the section(s) in
which the keywords were mentioned. This allowed us to exclude
papers that did not measure or focus on eye strain but mentioned it
as one of many terms, e.g., in the related work section, which left us
with 137 papers. For these, two of the authors read through abstract,
introduction, and conclusion, and added a brief summary of these
sections to two columns (topic and result) in a large spreadsheet.

1https://dl.acm.org/
2https://ieeexplore.ieee.org/
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Figure 1: Our survey includes papers that were published in
the last 22 years. Until 2012, solutions to DES were rare. Al-
though since then more solutions were proposed, they are
still far from being fully integrated in interactive systems.

Finally, we classified the remaining papers into assessing DES,
identifying causes or influences, presenting a solution, or providing
qualitative insights. Although in some papers there was an overlap
of categories, we classified papers into only one category, i.e., the
one they contributed most to in our opinion.

We considered a paper relevant for our survey when it (1) pre-
sented or reported on assessment methods for DES (22), (2) identi-
fied a cause of DES (17), (3) presented a solution approach to avoid
or alleviate DES (30), or (4) presented a gaze interaction method or
qualitative feedback on DES in a user study although not explicitly
focusing on the measurement of DES (23). A paper was classified
as assessment-based if it presented insights on a study in which
DES was assessed, with one exception [Park and Mun 2015] that
presented an overview of assessment methods that affect the visual
system. A paper was identified as causes-related if the authors re-
ported on a cause that influences eye strain, e.g., by conducting a
comparative study on several influence factors. Of the papers that
were classified as solution-related (30), 21 were explicitly framed by
the authors as combating a DES-related problem, like the vergence-
accommodation conflict or close viewing distances. The other 9
papers were identified as solution-related by the reviewing authors,
for instance, when they presented a technique that reduced eye
strain without framing it explicitly as solution. The final set in this
survey consists of 92 papers (see Figure 1). 47 of these were in some
form related to gaze interaction (according to the continuum of eye
tracking applications proposed in [Majaranta and Bulling 2014]).
In the other 45 papers causes and influences of general interaction
devices and techniques on DES were discussed.

We also identified several types of target devices (in some cases
more than one in one paper): the majority of papers (55) had con-
ventional displays as target device (including distant and tabletop
displays). Other device types were HMDs (20), 3D displays and
stereoscopic displays (9), small displays like smartphones and smart
watches (5), smart glasses (3), driving simulators (2), projection sys-
tems (1), and 1 paper focused on eye trackers only.

Since this paper’s main target audience are gaze interaction
designers, our set of papers is biased towards interactive systems.
This might have lead to relevant work from other communities
being excluded, because we did not focus our search on medical or
psychological venues. The medical papers that are cited in this work
were found based on the discussed set of papers that referenced
these medical ones.
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Figure 2: The distribution of papers is shown in which some
form of DES assessmentwas used, divided into objective and
subjective measures. In total they account for 45 of the sur-
veyed papers, i.e., 47 did not assess DES.

3 ASSESSMENT METHODS FOR DES
Optometry experts proposed measures, mostly based on special
medical devices, such as optometers or autorefractors to assess
DES-related ocular symptoms and visual functions with high ac-
curacy [Rosenfield 2011]. These measures require the expertise of
an optometrist and are most often not compatible with the use of
mobile display-based devices due to the size of the instruments.

Using the papers included in our survey as a basis, we investi-
gated commonly used assessments methods for DES in interactive
systems. Hereby, we divided these methods into objective [Billones
et al. 2018; Park and Mun 2015; Wang et al. 2018] and subjective
[del Mar Seguí et al. 2015; Sheedy et al. 2003] ones. Objective mea-
sures provide precise results on visual functions [Rosenfield 2011],
but they can be difficult to integrate into user interfaces and some
require special hardware or optometrist expertise. In contrast, sub-
jective measures rely on user self-reporting and are therefore easier
to integrate into the evaluation process, given that they do not
require special hardware or software. Of the 45 papers in which
DES was measured, in 12 objective measures were used and 33
subjective measures (see Figure 2 for details).

In the literature, attempts were made to relate causes and symp-
toms to each other. This is challenging, because there exists no
unique link, but rather a n-to-n relation. Suggestions were made
to group symptoms into external and internal ones [Sheedy et al.
2003; Zeri and Livi 2015], and into whether they disturb visual
processing or result from the disturbance [Kennedy et al. 1993].
We integrated these findings into the definition of the following
categories of symptoms. External symptoms refer to symptoms that
can be localised on the surface of the eyes and include burning,
irritation, and tearing. Internal ones are perceived internally and
cannot be located on a specific area on the eye, but rather behind
the eye. They include strain, ache, headache, double and blurred
vision. In literature it is not agreed upon, whether dry eye belongs
to external or internal symptoms. Therefore, we consider this as
extra case.

3.1 Objective Assessment
As pointed out by Park and Mun, there are various physiological
indicators that are influenced by DES and that can be measured
using optometry methods [Park and Mun 2015]. Given that we
are interested in solutions that are applicable for a wide range of
researchers and practitioners, and that therefore do not require
special hardware or expertise, we will focus on ocular metrics that
can be obtained using an off-the-shelf eye tracker (see Table 2). Eye

Table 2: Overview of the objective assessment methods cov-
ered in this survey and their significance. All of these can be
measured using an eye tracker.

Significance Measure Symptom Source

decrease of
increase of
decrease of

number of fixations
fixation duration
fixation accuracy

eye strain
[Wang et al. 2018]
[Wang et al. 2018]
[Vasiljevas et al. 2016]

increase of

increase of

number of
insignificant saccades
saccade length

eye strain,
general fatigue

[Billones et al. 2018]
[Wang et al. 2018]
[Bahill and Stark 1975]

decrease of
increase of

blink rate
incomplete blinks dry eye [Patel et al. 1991; Schlote et al. 2004]

[Portello et al. 2013]

decrease of pupil size
adaptation time

eye strain
* caused by VA conflict

[Hoffman et al. 2008]
[Shibata et al. 2011]

tracking can be easily integrated into devices and it has been shown
that it can successfully be used to assess eye strain in interactive
systems [Ishimaru et al. 2015; Wang et al. 2018].

3.1.1 FixationMetrics. During fixations, gaze (foveal vision) is held
stable for 200-600 ms to perceive visual information [Majaranta and
Bulling 2014]. The duration of fixations can be related to processing
times in the brain and prolonged fixation duration was found to be
an indicator for eye strain [Vasiljevas et al. 2016; Wang et al. 2018].
Naturally, this can also be measured by a decrease in the number
of fixations.

3.1.2 SaccadeMetrics. Saccades are quick (10-100ms) ballistic jumps
of the eyes that typically occur between two fixations [Duchowski
2007]. Length and velocity of saccades were both linked to general
fatigue [Bahill and Stark 1975]. Wang et al. further found that sac-
cade length increased with eye strain [Wang et al. 2018], which
suggests that fatiguing the saccadic eye movement system is closely
linked to eye strain. This is also assumed by Kurzhals et al., who
reduced saccade length in order to decrease eye strain [Kurzhals
et al. 2017]. Increasing eye strain also leads to more insignificant
saccades, i.e., saccades fail to be completed [Bahill and Stark 1975]
or are carried out without being directed to the desired object of
attention [Wang et al. 2018].

3.1.3 Blink Metrics. The average blink rate is at about 10-15 blinks
per minute [Blehm et al. 2005]. Several works showed that pro-
longed screen time reduces blink rate and causes dry eye syndrome
[Crnovrsanin et al. 2014; Patel et al. 1991; Portello et al. 2013; Schlote
et al. 2004]. In addition to blink rate, the percentage of incomplete
blinks (eye closures) increases with eye strain [Portello et al. 2013].

3.1.4 Pupil Diameter. Pupillary constriction and accommodation
are closely coupled. They both respond to oculomotor depth cues
and thus control how light is focused on the fovea defining the
depth-of-focus [Reichelt et al. 2010]. Especially in artificial stereo-
scopic viewing conditions, where vergence and accommodation
responses are decoupled, literature suggests that pupil responses
are increasingly evoked to compensate for a lack of accommoda-
tive responses [Omori et al. 2011]. The constant contraction of the
ciliary muscles that indirectly control pupil diameter might thus
significantly contribute to eye strain.

3.2 Subjective Assessment
The detail and accuracy of subjective assessment methods vary
significantly. A number of questionnaires for subjective assessment
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of DES were proposed in literature, as well as single item questions
on different measurement scales (see Table 3). Some questionnaires
cover up to 16 different symptoms of eye strain (e.g., the visual
strain questionnaire [Howarth and Istance 1985]).

Overall 33 of the collected papers assessed eye strain using sub-
jective methods. Although a variety of questionnaires exist, 16 of
these works used single item questions on eye fatigue, eye strain, or
eye tiredness, assessing a general idea of eye strain, but not specific
symptoms (i.e., Likert scales [Ashtiani and MacKenzie 2010; Koh
et al. 2009; Morimoto and Amir 2010; Nayyar et al. 2017; Pfeil et al.
2018; Pfeuffer et al. 2016; Rempel et al. 2009], Visual Analog Scales
[Carter et al. 2015], or other semantic differential scales [Majaranta
et al. 2009; Newn et al. 2016; Qian and Teather 2017; Rajanna and
Hammond 2018; Seuntiens et al. 2006]).

Overall we found a close relation of eye strain to general fatigue
and drowsiness [Ishrat and Abrol 2017; Nayak et al. 2012], simulator
sickness [Häkkinen et al. 2006; Zhang et al. 2019a], and ergonomic
posture [Kronenberg and Kuflik 2019]. Especially the simulator
sickness questionnaire (SSQ) is important to name here, given that
its oculomotor sub scale is used frequently for assessing eye strain in
augmented or virtual reality (VR) settings [Kennedy et al. 1993]. The
oculomotor sub scale (or oculomotor factor) can be divided into two
factors, the first one includes blurred vision and difficulty focusing
and displays disturbance of visual processing. The second one refers
to the symptoms caused by that, and are headache, eyestrain, and
fatigue. Ergonomic effects mostly refer to neck, back, and shoulder
pain.

4 CAUSES
DES is a multifactorial problem that has various causes from dif-
ferent origins [Collier and Rosenfield 2011; Rosenfield 2011]. We
divide causes into passive that stem from looking at the device and
active that originate from explicit gaze interaction.

4.1 Passive Causes
Passive causes are device-based factors that stem from simply look-
ing at a device. The three main passive causes we identified are
the close viewing distance to display-based devices [Min et al. 2019;
Sheedy et al. 2003], display and user interface properties [Rosenfield
2016], and the vergence-accommodation (VA) conflict that occurs in
stereoscopic displays [Hoffman et al. 2008; Vienne et al. 2014].

4.1.1 Close Viewing Distance. Close viewing distances, especially
on mobile devices, cause a high demand of vergence and accom-
modation responses, resulting in a tension of the extraocular eye
muscles, as well as the ciliary and pupillary muscles [Dillon and
Emurian 1996; Ho et al. 2015] causing mainly internal DES factors,
especially headache [Sheedy et al. 2003]. This intensified near-
vision behaviour is unnatural, because the eyes evolved to mainly
converge and accommodate to farther distances, at which the eye
muscles are relaxed [Davson 1990].

4.1.2 Display and User Interface Properties. Screen properties and
poorly designed user interface elements additionally increase de-
mands on users’ eyes. Screen properties include primarily glare,
flickering, color combinations, and too small interactive elements.
Such properties can cause eye strain (mainly the external factors

irritation and burning, and dry eye) by evoking increased muscle
tension (e.g., in the ciliary muscles that control pupil diameter)
[Sheedy et al. 2003]. One example for this are different polarization
types of displays. Zhang et al. found that eye strain occurs less with
circularly polarized light displays than with linearly polarized ones
[Zhang et al. 2017]. Also, illumination [Kim et al. 2019; Wesson et al.
2012] and movement in peripheral vision have a negative influence
[Takada et al. 2015].

Another strong influence on eye strain in computer interfaces is
the use of color [Wright et al. 1997]. Chen and Huang investigated
the influence of color values on the performance in gaze-based user
interfaces [Chen and Huang 2018]. They found increased eye strain
for higher red, green, and blue color values. They also found that
high chroma values for green and blue did result in increased eye
strain over low chroma values. Azuma and Koike observed that
some users reported eye fatigue during the usage of color shift
filters that divided the image into three color layers (cyan, magenta,
and yellow) for guiding users’ gaze to regions of interest [Azuma
and Koike 2018]. Seuntiens et al. found higher eye strain values for
higher compression values and a greater camera-base distance for
stereoscopic JPEG images [Seuntiens et al. 2006].

Other factors of user interface elements that are known to in-
crease eye strain are high contrast stimuli [Nakarada-Kordic and
Lobb 2005; Shiwei Cheng 2015] and small text, for instance on
smartwatches [Hansen et al. 2015], displays [Endert et al. 2012], or
in VR [Gizatdinova et al. 2018].

4.1.3 Vergence-Accommodation Conflict. The VA conflict is caused
by a mismatch of oculomotor depth cues. While stereoscopic dis-
plays provide visual depth cues to invoke vergence (binocular
disparity), most fail to display content on various focal planes
and therefore fail to correctly invoke accommodation responses.
Whereas in the real world these cues are tightly coupled, they
are decoupled in most stereoscopic displays. It is known that the
VA conflict [Kim et al. 2014; Souchet et al. 2018] and in general
stereoscopic displays [Obrist et al. 2011] cause eye strain. Frequent
symptoms are headache, blurred and double vision [Hoffman et al.
2008; Vienne et al. 2014], which we categorized as internal symp-
toms. Additionally, the VA conflict can even cause changes in ocular
responses, e.g., in accommodation responses [Szpak et al. 2019].

4.2 Active Causes
Active causes stem from using the eyes actively to perform an input
event in gaze-based interfaces. Gaze-based interaction techniques,
especially gaze-only techniques, add an active input channel to the
eyes’ functionality of being passive observers [Zhai et al. 1999].
This generates additional and to some extent unnatural gaze be-
havior [Biswas and Langdon 2013]. For instance, multiple gaze
commands [Ratsamee et al. 2015] or frequently switching between
gaze interaction techniques [Mohan et al. 2018] can cause eye strain.
We identified two active causes: prolonged fixation duration and
large number of long saccades. Prolonged fixation duration may
occur when using the eyes as pointing and selecting mechanism,
enforcing them to fixate on a target longer than naturally occurring
(e.g., dwell time selection). Further, long saccades produce fatigue
[Bahill and Stark 1975]. Especially when used for prolonged periods
they produce more eye strain than short saccades [Billones et al.
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Table 3: Overview of the subjective assessmentmethods covered in this survey. These include questionnaires that assess several
symptoms of DES, as well as single symptoms only, measured on different scales (e.g., Likert, Visual Analog Scales (VAS))

Questionnaire Items Scale

VSQ [Howarth and Istance 1985]
(a) tiredness of the eyes, (b) soreness or aching of the eyes, (c) soreness or irritation of the eyelids,
(d) watering of the eyes, (e) dryness of the eyes, (f) a sensation of hot or ’burning’ eyes,
(g) a feeling of ’sand in the eyes’

1 (no discomfort)
5 (very bad discomfort)

SSQ (O) [Kennedy et al. 1993] blurred vision, difficulty focusing none, slight, moderate, severeheadache, eye strain, fatigue

[Zeri and Livi 2015]
external (eye burning, eye ache, eye strain, eye irritation, tearing)
internal (blur, double vision, headache, dizziness, nausea)
dryness

1 (nothing)
5 (very much)

[Sheedy et al. 2003] external (burning, irritation, tearing, dryness)
internal (ache, strain, headache, double vision, blur) VAS

single item eye strain, eye fatigue, eye tiredness Likert scale, VAS, other

2018; Morimoto and Amir 2010]. While there are some eye-based
techniques that can be assigned to mainly one of the two causes
(e.g., calibration procedures on prolonged fixation duration [Blig-
naut 2013]), most gaze interaction techniques we found result in a
combination of both. Furthermore, it is difficult to extract the influ-
ence of active causes, as they are usually investigated with device
types that also cause symptoms. We argue that active causes, since
they generate significant additional eye movement, in particular
put strain to the extraocular muscles, and thus mainly contribute
to internal symptoms. We derive this from similar causes in close
viewing distances, since we did not find relations of active causes
and explicit symptoms in the literature. In the following, we will
discuss two main gaze interaction areas and how they affect eye
strain.

4.2.1 Point, Select, Control. The eyes naturally indicate a person’s
overt attention that can be leveraged for gaze-based pointing, se-
lection, and control. A common eye-only selection technique is
the dwell time technique. Here, a user’s gaze point is fixated for a
predefined set of time on an interactive element in order to select it.
Carter et al.’s work indicates that eye strain occurs when using gaze
for selection independently of visual feedback [Carter et al. 2015].
The authors compared two versions of gaze and gesture interaction
on a remote display. Both techniques induced eye strain, which
indicates that using gaze for selecting targets strains the eyes with
and without visual feedback. Pfeuffer et al. compared three interac-
tion strategies that combine gaze, pen, and touch input [Pfeuffer
et al. 2016]. They found equivalently high eye strain values for all
techniques (M = 4.2/5), independently whether gaze was used for
explicit interaction or not. Hild et al. found similar results for the
combination of gaze and manual pointing [Hild et al. 2014, 2016].
Their results indicate that moving targets causes a medium value
of eye strain independently of the combination of both modalities.

In contrast, Li et al., who combined gaze with touch input, found
less eye strain when the eyes were being used solely for pointing
in contrast to being used as a pointing and selection mechanism
[Li et al. 2019]. Similarly, Rajanna and Hammond found that gaze
input leads to higher eye strain values than touch and mouse input
[Rajanna andHammond 2018]. These findings are further supported
by Qian and Teather, who reported increased eye fatigue values
for an eye-only interaction technique compared to eye and head or
head-only interaction [Qian and Teather 2017].

4.2.2 Gaze Typing. Text entry systems have a long history in eye-
based interaction [Chakraborty et al. 2014; Majaranta et al. 2009;
Vasiljevas et al. 2016]. A specific challenge is to create a mechanism
that allows users to interact quickly without being prone to the Mi-
das Touch effect and eye strain. Nayyar et al. proposed an adaptive
dwell time selection technique that dynamically updates the dwell
time for each selection based on the previous selection [Nayyar
et al. 2017]. Results suggest, albeit not significant, that eye fatigue
was lowest with an adaptive dwell time technique. Ashtiani and
MacKenzie presented a blink-based text entry system and found
that the level of eye strain could be reduced by increasing the accu-
racy of blink detection [Ashtiani and MacKenzie 2010]. Morimoto
et al. considered eye strain in the design of gaze typing techniques
in that they ensured to produce short saccades, since they produce
less strain when used for prolonged periods [Morimoto et al. 2018].
Only 16% of their users stated that the system caused higher than
average strain levels. Chakraborty et al. developed a text entry
system that produced less eye strain than a dwell-based system by
trading off prolonged fixation times with a larger number of sac-
cades [Chakraborty et al. 2014]. When first gazing at a letter it gets
activated and only selected if the user chooses to move their gaze
outside and back inside the active area. This approach reduced eye
strain, suggesting that long fixation times have a stronger impact
on eye strain than the number of saccades.

5 SOLUTIONS
The vast majority of solutions that we found addressed passive
causes. Only few approaches presented alternatives to explicit in-
teraction strategies that pose additional demands on the eyes. In
the following we group solution approaches around the presented
causes after giving a short overview of general eye strain reduction.

5.1 General Eye Strain
Eye strain and ergonomic posture are related in that they both
result from prolonged screen time. Chen et al. presented a frame-
work to ensure an ergonomic posture during computer work while
preserving productivity by personalizing notifications [Chen et al.
2012]. Kronenberg and Kuflik built a prototypical implementation
of a self-adjusting computer screen that adapts the screen’s orien-
tation to the user’s posture in order to ensure a healthy ergonomic
posture [Kronenberg and Kuflik 2019].
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5.2 Viewing Distance
Viewing distance is important for stationary, as well as mobile
displays, since for both users tend to move too close to the screen.
A healthy viewing behavior is meant to be kept when users focus at
something 20 feet away every 20 minutes for 20 seconds (20-20-20
rule). Few systems were proposed that help users to follow this
rule (e.g., [Jumpamule and Thapkun 2018]). Min et al. proposed
glasses that observe users’ gaze behavior while looking at a screen
[Min et al. 2019]. By providing real-time feedback of users’ viewing
behavior they aim to prevent unhealthy usage. To inform users
about taking a break from looking at a screen they provide feedback
in form of vibration and LED light. First, when 20 minutes of screen
viewing was detected (vibration pattern altering between long and
short), second, when the user is looking at something 20 feet away
(green/red LED light to indicate if distance ishas beenmet), and third
when the user has completed the 20-second break (weak vibration).
An evaluation showed that users considered the feedback by the
device useful and stated that "it would help their eye health".

Ho et al. presented an application for smartphones that reminds
users to keep a certain distance to the device [Ho et al. 2015]. The
front camera of the smartphone was used to detect a user’s face
and compare it with a pre-recorded picture at a healthy distance.
Authors did not find differences in effectiveness of different types
of notifications, but observed that users preferred non-interrupting
approaches, i.e., passive warnings that only occupied a small part
of the screen. Interestingly, they also found that users developed an
understanding of the correct distance after a few reminders. There-
fore, participants did not perceive the warning as overly annoying,
since the frequency of reminders decreased accordingly.

Chaturvedi et al. used peripheral vision to reduce looking at the
small screens of AR glasses [Chaturvedi et al. 2019]. They found that
using their system 50% of the participants looked less often on the
small screen, because they perceived the information peripherally.

5.3 Screen Properties and UI Elements
For these types of causes systems to lower screen brightness were
proposed, most prominently E-paper devices [Wen andWeber 2018].
Vasylevska et al. tested three levels of brightness with regard to
their influence on task performance, cybersickness, users’ comfort,
and user preferences in VR HMDs [Vasylevska et al. 2019]. They
argue that especially the brightness differences between for- and
background in an HMD might cause eye strain and that it is im-
portant to consider the user’s context and to avoid rapid and hard
changes in brightness. Further, they suggest that the brightness
changes when switching between real world and HMD should be
compensated for. Similarly, Kim et al. transferred the concept of
dark mode on computer screens to optical see-through HMDs, in
order to decrease visual fatigue [Kim et al. 2019]. They applied this
concept by displaying dark colors as transparent and bright colors
as visible. In a user study they found that dark mode (bright letters
on dark background) reduced eye strain, which was significantly
lower than in bright mode (dark letters on bright background).

5.4 Vergence-Accommodation Conflict
We classified solution approaches into two areas, those that mechan-
ically change the device in order to provide more than one focal

plane, which would implicitly solve the problem (e.g., varifocal or
multifocal displays), and a second area that refers to software-based
solutions, inducing missing depth information in order to adapt
viewing experience to the real world.

5.4.1 Hardware Solutions. Liu et al. built a monocular optical see-
throughHMDbased on a liquid lens that enables several addressable
focal distances between the near point of convergence of the eyes
up to infinity [Sheng Liu et al. 2008]. A first evaluation suggests
that the device enables users to correctly accommodate to a certain
depth as rendered by the display. In addition to adaptive lenses,
monovision, which would comprise a simple technical solution,
was investigated as a solution approach. Findings are somewhat
diverse on this. Whereas Konrad et al.’s results indicate that partic-
ipants slightly preferred the monovision condition over standard
usage modes [Konrad et al. 2016], Koulieris et al. found in a similar
experiment that the monovision condition increased visual discom-
fort [Koulieris et al. 2017]. A reason for this discrepancy can be
different exposure times. While these were relatively short (a few
seconds) in Konrad et al.’s experiment, participants were exposed
30 minutes in Koulieris et al.’s study, which makes results more
meaningful in terms of long-term effects. Additionally, Konrad et
al. asked for “general viewing experience” that is not specifically
tailored towards eye strain, while Koulieris et al.’s subjective ratings
explicitly addressed “eye irritation”. Dunn analyzed the required
gaze tracking accuracy that is needed to identify the correct focus
point of a user in order to adapt the display to the according focal
distance [Dunn 2019]. They conclude that for an average adult an
eye tracking accuracy of at least 0.541° is needed, which is, however,
hardly achievable using commercial eye trackers.

5.4.2 Software Solutions. Gaze contingent or foveated rendering
was proposed to reduce negative visual effects that stem from con-
flicting depth cues [Romero-Rondón et al. 2018], i.e., displaying
depth information to better match human visual perception. As
stated by Komogortsev and Khan, peripheral content should match
human visual acuity in order to avoid eye strain, i.e., by reducing
image resolution in the peripheral part and enhancing image qual-
ity in the foveal part [Komogortsev and Khan 2006]. One difficulty
is to provide gaze prediction at real time in order to change image
quality without users noticing them. Arabadzhiyska et al. suggested
a way to update images not based on the current gaze position, but
on predicting the next fixation location based on saccadic move-
ment [Arabadzhiyska et al. 2017]. Hereby they leverage that during
saccades quality mismatches are not perceivable due to saccadic
suppression. Another approach was presented by Koulieris et al.,
who designed a gaze predictor based on recognizing object cate-
gories in games [Koulieris et al. 2016]. They leverage that player
action, and thus a user’s gaze point, closely correlates to the current
state of the game, which allows them to make assumptions about
where a user’s gaze will point to. Woo et al. proposed to reduce dis-
comfort by dividing content presentation into three parallax zones
[Woo et al. 2012]. At this, they recommend to use positive parallax
(behind the screen) for long-term events and negative parallax (in
front of the screen) for emphasizing important short-time events.
Negative parallax should not be used for long periods of time as
it causes eye strain due to a strong decoupling of accommodation
and vergence.
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5.5 Dry Eye Syndrome
Dementyev and Holz presented a device that aims to alleviate dry
eye syndrome by increasing blink rate [Dementyev and Holz 2017].
For this, they tested three types of actuation (light flashes, physical
taps, and small puffs of air) that can be attached to a frame of glasses
and found that air puffs near the user’s eyes are most effective in
increasing blink rate while having the lowest distraction value com-
pared to the other techniques. Tang and Noor proposed a wearable
humidifier device for the eyes [Tong Boon Tang and Noor 2015].
It measures humidity in a room and activates mist using a water
pump if the humidity level is too low. Crnovrsanin et al. proposed
four stimuli that were designed to trigger eye blinks during com-
puter usage [Crnovrsanin et al. 2014]. They found that all stimuli
achieved an increase in blink rate. Regarding the acceptance of
strategies they found similar results to Ho et al.’s system [Ho et al.
2015]: the stimulus that covered the whole screen and appeared
suddenly was liked less in contrast to stimuli that appeared in the
peripheral field of view and occurred continuously. Authors also
did not find a clear preference of stimuli in terms of effectiveness
and preference and therefore proposed to let users decide on which
stimuli they prefer to use.

5.6 Solutions to Active Causes
We found few authors that developed alternatives to explicit gaze
interaction strategies that are known to contribute to DES. For
instance, Piumsomboon et al. designed three techniques to inte-
grate natural viewing behavior as gaze interaction techniques for
VR HMDs [Piumsomboon et al. 2017]. Their techniques performed
similarly to conventional gaze-dwell with better user experience
ratings. However, they did not explicitly measure eye strain in their
study, but argue that natural viewing behavior naturally produces
less eye strain than artificial viewing behavior. Hansen et al. sug-
gested that off-screen gestures could overcome the problem of eye
strain with small displays (i.e., smart watch). However, they did not
assess eye strain in the evaluation of their technique [Hansen et al.
2015]. Vasiljevas et al. investigated eye fatigue in an eye-based text
entry system [Vasiljevas et al. 2016] stating that user interface de-
sign strongly influences eye fatigue, since a poorly designed system
that for instance demands high amounts of visual search causes
higher eye fatigue. Whereas a better designed system might delay
occurrence of symptoms. Hsiao and Wei aimed to decrease visual
discomfort that occurs due to screen vibration when using mobile
devices while being in motion (e.g., in a bus or train) [Hsiao and
Wei 2017]. The display stabilization technique that they proposed
was tested with 20 participants and resulted in a more comfortable
feeling during reading content on a tablet.

6 INSIGHTS
6.1 Challenges in Assesing DES
The first key challenge of assessing DES is the large variety of
measures. To date several methods are used that vary in detail and
accuracy, making it difficult to compare symptoms and causes across
systems and interaction techniques. Although several subjective
assessment scales were proposed, there is no common consensus on
which one to use (see Table 3). Further, no consistent term for DES

is used (e.g., visual fatigue or discomfort, eye fatigue), making it
challenging to identify all relevant works to this topic. We presume
that the inconsistency of terms and measures is one reason why a
concise model that relates causes to symptoms does not exist yet.
Second, dry eye has to be considered a special symptom given that it
is the only one we found that is similarly symptom, as well as cause
for other symptoms. Some works therefore focus on alleviating dry
eye specifically [Mohan et al. 2018], however it is important to also
consider and measure all other symptoms of DES.

6.2 Solutions and Causes
Since to date a concisemodel of causes and symptoms ismissing, the
occurrence of symptoms has not yet been conclusively determined,
which makes it difficult to search for solutions. We summarized
our findings on symptoms, causes, and solutions in Figure 3. In the
following we list some limitations of current solution approaches,
on the basis of which wemake recommendations in the next section.

Solutions to the problem of close viewing distance often interrupt
the user by sending recommendations [Jumpamule and Thapkun
2018], or are only applicable in a limited application area, since
they require specific hardware modifications [Dementyev and Holz
2017]. This calls for new research into subtle methods to ensure
a healthy viewing distance that work with off-the-shelf hardware.
Solutions to display and user interface element properties are very
device-specific. One approach that is applicable with more devices
is to lower screen brightness [Vasylevska et al. 2019]. The impact
of the VA-conflict on eye strain is seen somewhat controversial in
literature. Whereas some argue for its impact being underrated
[Szpak et al. 2019], others suggest that its impact might not be as
strong as assumed [Zhang et al. 2019a]. In addition, Jacobs et al.
suggest that the VA conflict is only one of straining factors for VR
and other causes may be underestimated [Jacobs et al. 2019]. Our
survey revealed a fundamental lack of solutions that address active
causes. Of the 47 papers that focus on some type of gaze-based
interaction only 4 explicit solutions were proposed. We found that
gaze-based interaction techniques that minimize prolonged fixa-
tion duration and large number of long saccades perform better
compared to other techniques. However, it seems this topic is only
marginally considered, given the large amount of gaze-based in-
teraction techniques. Therefore, it will be important that the gaze
interaction community actively addresses the development of solu-
tions for major explicit gaze interaction techniques. In summary,
the literature points out that DES is not a generalizable problem,
but that symptoms occur specifically for device type and interaction
technique.

6.3 Mismatch of Awareness and Actions
The limited number of solutions seems to suggest a lack of aware-
ness to DES as a problem in the gaze interaction community. Our
survey suggests that this is rather a result of a mismatch between
awareness and actions. A large number of gaze interaction-related
papers reported medium to high values for DES. In most of these
DES was assessed as an additional measure, but the results were
often neither reported nor discussed. Additionally, and to some
extent contradictory, we found that study designs are often adapted
to reduce eye strain, e.g., by including breaks to let participants
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Figure 3: This Figure demonstrates the connection between
solutions, causes, and symptoms as derived by the survey.

recover from possible eye strain [Ferrari and Yaoping Hu 2011; Ou
et al. 2005, 2008; Pfeuffer et al. 2013; Wallace et al. 2004; Zhang
et al. 2019b], limiting the number [Paulus et al. 2017] or duration
[Larson et al. 2017] of trials, or by conducting an experiment over
several days [Keyvanara and Allison 2019]. However, in these stud-
ies eye strain was often not measured or, if measured, not reported
on or discussed. Often eye strain is mentioned in the limitations
[Abdrabou et al. 2019] or future work [Pai et al. 2016; Räihä and
Sharmin 2014; Rajanna and Hansen 2018] sections of a paper, or is
addressed briefly as disruptive factor, experienced by some [Kudo
et al. 2013; Lisle et al. 2018; Mattusch et al. 2018; Obrist et al. 2012] or
even a majority [Ortega and Stuerzlinger 2018; Pastoor et al. 1999]
of participants. However, implications are typically not further dis-
cussed. This suggest that while eye strain is a known problem in the
community it has not yet been fully acknowledged and included in
evaluating interaction devices and techniques. Since it is difficult to
integrate eye-healthy behavior into existing gaze interaction tech-
niques retrospectively, the assessment of DES should be included
in early stages of development.

7 RECOMMENDATIONS
7.1 Assessment
The most important limitation in current research practice is that
DES is not regularly assessed and not with consistent measurement
methods. Similar to Grubert et al., who suggest to add eye strain
assessment to the error metrics during calibration procedures on
optical see-through HMDs [Grubert et al. 2018], we argue that eye
strain should become an additional standard measure for the evalu-
ation of new interaction devices and techniques. This is important
for all systems that address users’ eyes (i.e., displays in general), but
especially for explicit gaze interaction. Second, researchers should
assess symptoms specific to use cases. For instance, for stereoscopic
displays it may be more important to focus the assessment on inter-
nal symptomswhile for user interface properties external symptoms
should be preferred. Third, none of the found papers conducted
a longitudinal study. Considering the average interaction time of
users with digital devices, it should be discussed how eye-based
techniques scale to a longer time of use, pursuing real usage outside
a study situation. Since long-term effects of DES in gaze interaction
is currently severely overlooked, we recommend that explicit gaze
interaction techniques should be assessed in long-term studies.

To integrate these points into common research practice, we
suggest that a consistent methodology should be developed that

focuses around internal and external symptoms and considers sub-
jective, as well as objective measures. We argue that only once
DES has become a default measure, results can be compared across
systems. This way a more comprehensive picture of eye strain in
gaze-based interactive systems can be established, also leading to a
clearer understanding of symptoms and their causes.

7.2 Potential Solutions
We summarize the findings of our survey by providing a set of
potential solutions that we believe future work should focus on.

Implicit Integration.We found that users are aware of DES and,
even more importantly, care about their eye health. However they
either do not know certain causes (e.g., close viewing distance [Ho
et al. 2015]) or if they do, consider them not important enough
to change their behavior. Therefore, we recommend to integrate
solutions implicitly. In that, the alleviation and avoidance of DES
should inherently be integrated in device usage and not be left to
the user. It is rather the community’s responsibility to build systems
and interactions in a way that users are not being harmed.

Adaptation to User Preferences. Users have individual preferences
of adaptationmethods, e.g., whether visual recommendation stimuli
occupy the whole or only parts of the screen [Crnovrsanin et al.
2014; Ho et al. 2015]. Future solutions should be explicitly designed
to meet these preferences, such that users can choose the solution
that fits their usage behaviour and physiology best [Ho et al. 2015].

There Is No One-Fits-All Solution.As shown in Figure 3 there exists
no unique link between individual symptoms, causes, and solutions.
Therefore, we recommend that only a set of different solutions can
solve the problem. Solutions should thereby be explicitly designed
to be expandable and connectable with other types of solutions.

To conclude, the gaze interaction community is in demand from
two perspectives. First, it is important to share valuable insights
on causes during the development of novel interaction devices and
techniques. Secondly, the gaze interaction community is now in
demand to search and develop solutions.

8 CONCLUSION
In this work we provided the first comprehensive survey of how
DES is currently assessed and dealt with in gaze interaction research.
Based on a systematic literature review that bridged the community
of gaze interaction with digital eye strain, we found that: (1) gaze
interaction techniques cause eye strain but these negative impacts
are not further addressed, (2) there is no clear methodology how
DES should be assessed and evaluated, and (3) current solutions
almost only address symptoms that stem from looking at displays,
but not from gaze interaction. Our work emphasizes that DES - if
further neglected - will become a significant problem for gaze-based
systems. To avoid this, a change in evaluation practices should take
place and researchers in the gaze interaction community should
develop alleviation techniques.
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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 accommodation1 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

1Vergence 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 womenwere slightly more severely affected by DES thanmen 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 RELATEDWORK
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
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and ismeasured 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 bemainly 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”’. Seguí 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 22. 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 symptomswere 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 andwhy they interrupted it. Lastly, we askedwhen
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 onwhether
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. An overview 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 Prolific3 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 PlayStationVR (38.2%), followed by theOculus 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 sessionwhen askedwhether 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 (%) 38 55 52 58 58 63 64 64 66 69 67 84 83 83 89 89
occ. mod. (%) 44 28 38 30 31 31 31 33 31 25 31 9 11 16 9 9

occ. intense (%) 8 6 2 3 6 2 2 0 0 3 0 0 5 0 0 0
always mod. (%) 3 6 5 5 3 3 2 3 3 3 2 2 0 2 0 2

always intense (%) 8 5 5 5 2 2 2 0 0 0 0 5 2 0 2 0
M 0.97 0.72 0.69 0.64 0.56 0.47 0.44 0.39 0.38 0.38 0.34 0.31 0.27 0.19 0.16 0.13
SD 1.10 1.02 0.96 0.98 0.79 0.73 0.71 0.55 0.55 0.60 0.51 0.91 0.70 0.43 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 themmore often “now that I learned 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 DESwhen 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
et al. [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 arewidespread amongVR-HMDusers
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 Quest2). 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 phones4). Already, some VR-HMDmanufacturers offer blue light filters inte-
grated as “night mode”, e.g., the Oculus Quest2 or HTC Vive.5 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.
5HTC 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 Q0–Q10. 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.
H6: 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 treatmentwith 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 asQ0–Q10 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.6 We con-
ducted the following type of power analysis: “F tests”, “ANOVA: Repeated measures, within fac-
tors”, “A priori: Compute required sample size—given α , power, and effect size”. The parameters we
entered were: “effect size: 0.25”, “αerr prob: 0.05”, “Power (1-βerr prob): 0.8”, “number of groups: 1”,
“number of measurements: 3”, “corr among rep measures: 0.5”, and “nonsphericity correction η: 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.7 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.8 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

6G*Power Software: https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/
gpower.html, v 3.1.9.7, last retrieved: March 24, 2021.
7Prolific 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.
8BEAT 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 3D9 and the Oculus Quest2. 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.3 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

9Unity Technologies: https://unity.com/, last retrieved: March 24, 2021.

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



33:18 T. Hirzle et al.

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 (Q0) 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 Min Mvr

Mall

burning
irritation
dryness

strain
headache

sensitivity to bright light
difficulty focusing
blurred vision
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 Q0–Q10 in Figure 5. We
calculated a relative symptom score by subtracting the mean of the first three values as baseline
(mean(Q0,Q1,Q2)) from all values Q0–Q10. 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 timewith 11 levels (Q0−Q10). 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
Mall , Symptom Mean of the External SymptomsMex , Symptom Mean of the Internal SymptomsMin , and
Symptoms Mean of the VR-specific SymptomsMvr , Shown for Each Condition of the Blue Light Study

Mal l Mex Min Mvr

Friedman test results χ 2 (2) = 0.44,p = .80
W = .0079

χ 2 (2) = 1.23,p = .54
W = .0219

χ 2 (2) = 0.08,p = .96
W = .0013

χ 2 (2) = 0.19,p = .91
W = .0034

Global filter M = 0.32, SD = 0.44 M = 0.29, SD = 0.70 M = 0.71, SD = 1.02 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 = 0.39 M = 0.35, SD = 0.70 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].10 The test indicated a moderate effect of time (F (2) = 51.97,p < .01, r =
.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 theDES questionnaires, we covered four aspects of eye strain
represented by four symptommeans:Mall ,Mex ,Min ,Mvr (see Table 2). We analyzed the potential
effects of treatment (global filter, peripheral filter, and control condition) on the relative changes11
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 forMall (α = 0.77) andMex (α = 0.77), but a slightly low values
for Min (α = 0.67), and a poor value for Mvr (α = 0.51). Therefore, the results for Mvr 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 (α = 0.92), enjoyment (α = 0.97), pres-
ence (α = 0.87), and obtrusiveness (α = 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].
11We 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 AppealMVA,
Enjoyment ME , PresenceMP , and ObtrusivenessMO

MV A ME MP MO

Friedman test results χ 2 (2) = 1.51,p = .47
W = .0269

χ 2 (2) = 1.21,p = .55
W = .0216

χ 2 (2) = 3.16,p = .21
W = .0564

χ 2 (2) = 2.8,p = .25
W = .0500

Global filter M = 3.37, SD = 1.42 M = 3.99, SD = 1.31 M = −0.18, SD = 0.87 M = 3.16, SD = 0.94
Peripheral filter M = 3.58, SD = 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 = 1.39 M = 4.17, SD = 1.29 M = −0.03, SD = 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 hypothesesH4–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 wewere 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,

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 33:21

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 applications12 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 ciliarymuscles that control the pupil and the eye lens by contraction and

12https://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–E8.

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 inHMDs. 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 taskwe chose to induce symptomswas 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 (Q0–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 × 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 e 35 plus the chance of winning another e 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 Seguí 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 byQ0−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.

— “It 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.”
— “I enjoyed doing the eye exercise.”
— “I would 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 symptommeans (Mall ,Mex ,Min ,
Mvr ) to analyze the potential effects of individual eye exercises on subjectively perceived DES.13
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).

13We calculated relative symptom scores by subtracting the first value (Q0) from each of the other values (Q1–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

Mal l Mex Min Mvr

Time F (1) = 23.59,p < .01, r = .49 F (2) = 14.63,p < .01, r = .49 F (1) = 24.23,p < .01, 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

Mst r aininд Mr el ievinд Mt ir inд Mr elax inд

Time F (2) = 6.99,p < .01, r = .49 F (2) = 2.83,p = .07, r = .28 F (2) = 16.80,p < .01, 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 Mall , Mex , Min , and Mvr we analyzed the relative symptom scores. Therefore, the factor time had
four levels Q1−0, Q2−0, Q3−0, and Q4−0. For the four additional statements Mstraininд , Mr el ievinд , Mt ir inд , and
Mr elaxinд , we analyzed the absolute values with the factor time having four levels Q1, Q2, Q3, and Q4, as we excluded
the first value at Q0 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:Mall : α = 0.92,Mex : α = 0.84,Min : α = 0.82, andMvr : α = 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:Q1−0–Q4−0). 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 (Mall ,Mex ,Min ,Mvr ), 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,14 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, re = 0.98), showing that presence scores increased with exposure time
fromMQ0 = 3.33 (SD = 0) toMQ4 = 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 Q0, 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
Q0. 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 themost 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 secondWordSeach 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 (Q0–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 theWordSearch 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 theWordSearch puzzle for 3 minutes. One
condition took about 30–40 minutes and participants received a reward of e 25 in total. For an
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additional incentive to take part in a longitudinal study over three days, we raffled another e 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 (Q0 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 (Q2), 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 Q0–Q3 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 (Q0) from the three values at Q1–Q3.
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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

Mal l Mex Min Mvr

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) = 1.82,p = .16, r = .21 F (2) = 2.25,p = .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

Mal l Mex Min Mvr

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, SD = 1.15 M = 1.29, SD = 0.87 M = 0.83, SD = 1.03

We then calculated the same four symptom means as in the two previous user studies (Mall ,Mex ,
Min , Mvr ) to analyze the potential effects of the treatment methods on subjectively perceived
DES. We found acceptable internal consistency values (Cronbach’s alpha) forMall (α = 0.88),Mex
(α = 0.76), andMvr (α = 0.74). Only the value forMin was slightly below the threshold to indicate
acceptable internal consistency (α = 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: Q1−0, Q2−0, Q3−0).15 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
Mall and the external symptom mean Mex (see Table 8 for test statistics). Post-hoc tests for the
overall symptoms meanMall 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 Mex , 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 symptommean
valueMin was significantly lower for the time pointQ2 than for the time pointQ3. 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 (Q2) versus directly before the treatment (Q1). 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(Q2−Q1) as dependent variables. Sec-
ondly, we analyzed potential extended treatment effects by building an extended symptom mean

15We removed Q0 from the analysis, as we calculated relative symptom scores based on this value.
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Fig. 13. The values for the four relative symptom mean over time from Q1−0 to Q3−0 averaged across all
participants for user study 3. Colors indicate the different treatment methods eye exercises, closing the eyes,
and the control condition. Mall is the mean of all 11 symptoms. Mex is the mean of the external symptoms
burning, dry eye, and irritation. Min is the mean of the internal symptoms eye ache, headache, and eye
strain. Mvr 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−Q1)

Mal l Mex Min Mvr

Close Eyes (Q2−Q1) M = −0.52, SD = 0.56 M = −0.49, SD = 0.78 M = −0.60, SD = 0.86 M = −0.54, SD = 0.77
Eye Exercises (Q2−Q1) M = −0.44, SD = 0.60 M = −0.49, SD = 0.96 M = −0.47, SD = 0.82 M = −0.42, SD = 0.59
Control Condition (Q2−Q1) M = 0.14, SD = 0.38 M = 0.35, SD = 0.50 M = 0.07, SD = 0.48 M = 0.04, SD = 0.56
Close Eyes (Q3−Q1) M = −0.19, SD = 0.44 M = −0.18, SD = 0.86 M = −0.04, SD = 0.78 M = −0.33, SD = 0.58
Eye Exercises (Q3−Q1) M = 0.03, SD = 0.56 M = −0.18, SD = 0.87 M = 0.21, SD = 0.88 M = −0.17, SD = 0.43
Control Condition (Q3−Q1) M = 0.36, SD = 0.62 M = 0.58, SD = 0.71 M = 0.53, SD = 0.73 M = 0.09, SD = 0.85

of the time points after the second task (Q3) and before the first task (Q1). 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−Q1). 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 symptomsMall (F (2, 36) =
7.79,p < .01, η2 = .25) and on the external symptommeanMex (F (2, 36) = 6.24,p < .01, η2 = 0.22).
Post-hoc tests revealed that close eyes and eye exercises resulted in less severe overall symptom
means Mall in comparison to the control condition (close eyes: p < .01, eye exercises: p = .028)
and in less severe external symptom meansMex 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 Min ,
we found a statistically significant small effect of treatment method (χ 2 (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 Mvr , we did not find a statistically significant effect of treatment
method (χ 2 (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 meanMall , inter-
nal symptommeanMin , and VR-specific symptommeanMvr 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−Q1)).

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)).

Mall (χ 2 (2) = 9.95, p < .01, W = 0.26) and the internal symptom mean Min (χ 2 (2) = 10.0,
p < .01,W = 0.26), but not on the VR-specific symptom mean Mvr (χ 2 (2) = 1.3, p = .52). Post-
hoc tests revealed a statistically significant difference between the overall symptom mean Mall
of the close eyes and the control condition (p < .01). We did not find any other group differences
for the overall symptom mean Mall or the internal symptom mean Min . The external symptom
mean Mex 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, η2 = 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 symptommeansMall andMex .
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(Q2−Q1) and
extended (Dif(Q3−Q1) 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 c ∈ [0 : 1]
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to the data to indicate the quality of detection. Pupil Labs recommends to use data with c ≥ 0.6.16
However, we chose a value of c ≥ 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(Q2−Q1) and the extended effect Dif(Q3−Q1), we only included participants
that had no missing time segments inQ1,Q2, andQ3, 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 Q1 as the baseline, as we were interested in whether pupil size values
at Q2 and Q3 changed in relation to those directly after the task. Pupil size during the segments
Q2 and Q3 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 ANOVAwith one factor (treatment). The tests we report in the followingwere 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(Q2−Q1)), we found an effect of treatment on pupil
size changes (F (2, 28) = 14.23, p < .001, η2 = 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)
(MCE = −6.02, SDCE = 1.84, MEE = 1.1, SDEE = 1.98, p < .001) and the control condition (CC)
(MCC = 1.13, SDCC = 1.12, p = .003). We did not find an extended effect (Dif(Q3−Q1)) 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(Q2−Q1)) or extended effect (Dif(Q3−Q1)). 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.
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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 whywe 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
2:30minutes 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 SymptomMeans. We summarized the single symptoms to four
symptommeans 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 α-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
α-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 (Ma ) and one relative DES score (Mr ). 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 calculatedMa as the mean of all single-
item DES measurements Q0–Q10, while Mr is the mean of the relative DES scores per participant
Q1 − Q0–Q10 − Q0. To conduct the process equally across all three user studies, we chose to use
always the first value (Q0) as the baseline. For the first user study on eye exercises, we calculated
Ma as the mean value of all 11 single symptoms, averaged across all measurement time pointsQ0–
Q4. For Mr , we first calculated a relative values separately for each of the 11 symptoms. Then the
mean values of all symptoms at Q0 were subtracted from the measurements at Q1–Q4, separately
for each participant. For the second user study on eye exercises,Ma 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 calculatedMr by first subtracting the value atQ0 from every valueQ1–Q3
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 Ma 2.15 0.61 Mr 1.48 0.34
high f 1st eye exercise study 1 Ma 1.99 N/A Mr 0.31 N/A
high f 2nd eye exercise study 5 Ma 2.24 0.48 Mr 0.92 0.75
low f blue light study 7 Ma 0.68 0.48 Mr 0.45 0.30
low f 1st eye exercise study 7 Ma 0.85 0.29 Mr 0.31 0.17
low f 2nd eye exercise study 2 Ma 1.19 0.15 Mr 0.27 0.34
high m blue light study 7 Ma 1.90 0.48 Mr 1.38 0.45
high m 1st eye exercise study 2 Ma 1.58 0.10 Mr 0.80 0.26
high m 2nd eye exercise study 6 Ma 2.06 0.54 Mr 1.04 0.52
low m blue light study 7 Ma 0.49 0.43 Mr 0.30 0.50
low m 1st eye exercise study 14 Ma 0.44 0.25 Mr 0.16 0.24
low m 2nd eye exercise study 6 Ma 1.13 0.37 Mr 0.42 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 usingk-means clustering. Input to
the clustering were the absolute and relative symptommean values, i.e., two values per participant.
To optimise its key parameter k—the number of clusters—we used the NbClust R package.17 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 amean absolute symptom score ofMa = 2.04, SD = 0.50 for
the high susceptibility group, and a mean absolute symptom score ofMa = 0.69, SD = 0.42 for the
low susceptibility group. For the relative symptom score, we found amean ofMr = 1.17, SD = 0.54
for the high, and a mean of Mr = 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 Ma and Mr . We

17RDocumentation 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 Ma 2.04 0.50 Mr 1.17 0.54
low – – 43 Ma 0.69 0.42 Mr 0.30 0.30
– f – 29 Ma 1.42 0.82 Mr 0.73 0.61
– m – 42 Ma 1.08 0.78 Mr 0.58 0.59
– – blue light study 28 Ma 1.31 0.88 Mr 0.90 0.66
– – 1st eye exercise study 24 Ma 0.72 0.50 Mr 0.26 0.27
– – 2nd eye exercise study 19 Ma 1.72 0.66 Mr 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), 1st eye exercise user study (user study 2), 2nd 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 Ma and Mr . This is supported by a non-significant Shapiro–Wilk
normality test (Ma :W = 0.99,p = .73 and Mr :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 (Ma : F (11, 59) = 1.09,p = .39 and Mr : 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, eta2д = .1),
a large effect of susceptibility group (F (1, 59) = 120.25,p < .01, eta2д = 0.67), and a small effect of
experiment (F (2, 59) = 5.74,p < .01, eta2д = 0.16) on the absolute DES symptom meanMa . For the
relative DES symptommeanMr , we found a statistically significant medium effect of susceptibility
group (F (1, 59) = 60.32,p < .01, eta2д = 0.51) and a small effect of experiment (F (2, 59) = 4.55,p =
.045, eta2д = 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 (Nhiдh = 13,Nlow = 16). For men, this was slightly
different, with 37% of male participants belonging to the high, and 63% to the low susceptibility
group (Nhiдh=15,Nlow = 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 experiencemore 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
— I’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 3 times 4 times 5 times more often
... in general? o o o o o o o
... due to symptoms of visual discomfort? o o o o o o o
... due to symptoms of simulator sickness? o o o o o o o
... due to symptoms of general discomfort? o o o o o o o
...other (e.g., to use the smartphone,

to go to the bathroom) o o o o o o o

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
— no
— I don’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
— I don’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, I 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
or once per hour of usage)

(2 or 3 times per hour of usage
or almost every time)

during a VR session. o o o
after a VR session. o 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 o

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 discomfortmore frequently when using a desktop monitor.
— I experience visual discomfortmore 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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Question 8: Do you have any further comments on the occurrence of visual discomfort using VR
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
not occur at all)

NEVER

(sporadic episodes or
once per hour of usage )

OCCASIONALLY

(2 or 3 times per hour of usage
or almost every time)
OFTEN OR ALWAYS

MODERATE INTENSE N/A

Burning o o o o o o
Itching o o o o o o

Feeling of a
foreign body o o o o o o

Tearing o o o o o o
Excessive blinking o o o o o o

Eye redness o o o o o 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 o o o o o
Double vision o o o o o o

Difficulty focusing
for near vision o o o o o o

Increased
sensitivity to light o o o o o o

Coloured halos
around objects o o o o o o

Feeling that sight
is worsening o o o o o o

Headache o o o o o 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?

I know and use
that strategy.

I do that, but I wasn’t aware
that it is a strategy.

I know that strategy,
but I don’t use it.

No, I don’t know
that strategy.

Looking at something 20 feet
away for20 seconds every
20 minutes (20-20-20 rule)

o o o o

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

Covering the closed eyes
with the hands to relax

the eyes (palming)
o o o o

Rolling the eyes into
one direction for a while o o o o
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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
— 2 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 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.
— I forget 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).
— Other:

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. o o o o

I would be willing to perform
an eye exercise in VR o o o o

I would be willing to perform eye exercises
that are implicitly integrated in the

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

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 33:53

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.
— I like the aesthetics of this filter.
— Using this filter is pleasant.
— I think the presentation of colors is disturbed when using this of filter.
— I feel 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.
— I very 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, wemeasured 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(Q0,Q1,Q2)). This mean was subtracted from all values Q0–Q10. 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 (Q0 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. Themedian of this first increase
in DES score was Q2. Therefore, we chose the mean of Q0,Q1, and Q2 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

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)

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

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 Burping
Simulator sickness Difficulty concentrating
Simulator sickness Difficulty focusing
Simulator sickness Eye strain
Simulator sickness Dizziness with eyes closed
Simulator sickness Dizziness with eyes open
Simulator sickness Fatigue
Simulator sickness “Fullness of head”
Simulator sickness General discomfort
Simulator sickness Headache
Simulator sickness Nausea
Simulator sickness Salivation increasing

Simulator sickness
Stomach awareness (is usually used to
indicate a feeling of discomfort
which is just short of nausea.)

Simulator sickness Sweating

Simulator sickness
Vertigo (is experienced
as loss of orientation with
respect to vertical upright.)
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Table 14. Ergonomic Symptoms That Were Measured in the Post-conditionQuestionnaires
in the Blue Light User Study

Type Question Scale
Ergonomic Symptoms I felt tense or on edge because I was wearing the device.

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)

Ergonomic Symptoms I felt that I did not have the device properly attached.
Ergonomic Symptoms I felt bulky wearing the device.
Ergonomic Symptoms I felt strange wearing the device
Ergonomic Symptoms I did not feel safe wearing the device.
Ergonomic Symptoms The device was painful to wear.
Ergonomic Symptoms The attachment of the device was too loose.

Ergonomic Symptoms The device generated additional heat leading
to excess sweating.

Ergonomic Symptoms Wearing the device made me feel physically different.
Ergonomic Symptoms The device inhibited or restricted my movement
Ergonomic Symptoms I could feel the device on my body.Heavy eyelids
Ergonomic Symptoms The attachment of the device was too tight.
Ergonomic Symptoms I was worried about how I look when I wear this device.
Ergonomic Symptoms I felt the device was too heavy.
Ergonomic Symptoms The device was causing me some harm.
Ergonomic Symptoms I was not able to move as usual
Ergonomic Symptoms The device affected the way I move.
Ergonomic Symptoms I could feel the device moving.
Borg10 Scale Forehead

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 Temples
Borg10 Scale Cheeks
Borg10 Scale Nose
Borg10 Scale Ears
Borg10 Scale Eyes
Borg10 Scale Back of the head
Borg10 Scale Neck
Borg10 Scale Shoulders
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B.4 UsabilityQuestionnaire for the Main Study

Table 15. UsabilityQuestions That Were Asked in the Post-conditionQuestionnaire in the Blue Light Study

Type Question Scale
Visual appeal (PXI [1]) I enjoyed the way the game was styled.

7-point Likert scale
strongly agree - strongly disagree

Visual appeal (PXI [1]) I liked the look and feel of the game.
Visual appeal (PXI [1]) I appreciated the aesthetics of the game.
Enjoyment (PXI [1]) I enjoyed playing the game.
Enjoyment (PXI [1]) I liked playing the game.
Enjoyment (PXI [1]) Playing the game was fun.
Enjoyment (PXI [1]) The game was entertaining.
Enjoyment (PXI [1]) I had a good time playing this game.
IPQ [83] Somehow I felt that the virtual world surrounded me.

7-point scale
fully disagree - fully agree

IPQ [83] I felt like I was just perceiving pictures.
IPQ [83] I had a sense of acting in the virtual space
IPQ [83] I felt present in the virtual space.
IPQ [83] I was not aware of my real environment.
IPQ [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”. 7-point scale
not at all - very much

IPQ [83] I did not feel present in the virtual space. 7-point scale
did not feel - felt present

IPQ [83]
How aware were you of the real world surrounding
while navigating in the virtual world?
(i.e., sounds, room temperature, other people, etc.)?

7-point scale
extremely aware - not aware at all

IPQ [83] How real did the virtual world seem to you?
7-point scale
about as real as an imagined world -
indistinguishable from the real world

IPQ [83] How much did your experience in the virtual environment
seem consistent with your real world experience?

7-point scale
not consistent - very consistent

IPQ [83] How real did the virtual world seem to you? 7-point scale
not real at all - completely real

Obtrusiveness The visuals of the game felt natural.

7-point Likert scale
strongly agree - strongly disagree

Obtrusiveness The colors of the game looked distorted.
Obtrusiveness The visuals of the game negatively influenced my experience.
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=oJuGlqO85YI
(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=cIYdfWFsMXw
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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-conditionQuestions

Condition Time Variable Test statistic p-value
global filter Q0 relative DES score 0.7500531 1.580995e-05
global filter Q1 relative DES score 0.8160829 2.078621e-04
global filter Q2 relative DES score 0.8341135 4.541997e-04
global filter Q3 relative DES score 0.8420467 6.486697e-04
global filter Q4 relative DES score 0.8314844 4.042991e-04
global filter Q5 relative DES score 0.8317361 4.088147e-04
global filter Q6 relative DES score 0.8791273 3.841417e-03
global filter Q7 relative DES score 0.9155262 2.692638e-02
global filter Q8 relative DES score 0.9082339 1.793065e-02
global filter Q9 relative DES score 0.9060596 1.590817e-02
global filter Q10 relative DES score 0.9130630 2.345030e-02
peripheral filter Q0 relative DES score 0.8185916 2.312213e-04
peripheral filter Q1 relative DES score 0.8332034 4.362226e-04
peripheral filter Q2 relative DES score 0.8623669 1.678260e-03
peripheral filter Q3 relative DES score 0.8650929 1.914843e-03
peripheral filter Q4 relative DES score 0.9124936 2.271582e-02
peripheral filter Q5 relative DES score 0.9191239 3.300080e-02
peripheral filter Q6 relative DES score 0.9356303 8.558918e-02
peripheral filter Q7 relative DES score 0.9389315 1.038281e-01
peripheral filter Q8 relative DES score 0.9529697 2.350686e-01
peripheral filter Q9 relative DES score 0.9515737 2.169666e-01
peripheral filter Q10 relative DES score 0.9678883 5.252526e-01
control condition Q0 relative DES score 0.6943593 2.373872e-06
control condition Q1 relative DES score 0.7314953 8.202340e-06
control condition Q2 relative DES score 0.6451718 5.227773e-07
control condition Q3 relative DES score 0.8009601 1.109926e-04
control condition Q4 relative DES score 0.8789659 3.810158e-03
control condition Q5 relative DES score 0.8822376 4.500360e-03
control condition Q6 relative DES score 0.8828571 4.645355e-03
control condition Q7 relative DES score 0.9268345 5.132640e-02
control condition Q8 relative DES score 0.9344043 7.967322e-02
control condition Q9 relative DES score 0.9355673 8.527429e-02
control condition Q10 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: Q0–Q11).
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Table 17. Shapiro–Wilk Normality Test Results for the One-factor Analysis of the Pre
and Post-conditionQuestionnaires

Mall Mex Min Mvr
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 Q1 Mall 0.5366620 1.305370e-07
close Q2 Mall 0.6629938 3.390322e-06
close Q3 Mall 0.6152124 9.174424e-07
close Q4 Mall 0.8392413 1.389311e-03
control Q1 Mall 0.7558452 6.069449e-05
control Q2 Mall 0.7998072 2.924472e-04
control Q3 Mall 0.7955959 2.497989e-04
control Q4 Mall 0.8132912 4.897568e-04
E1 Q1 Mall 0.6533823 2.584627e-06
E1 Q2 Mall 0.5090627 6.912784e-08
E1 Q3 Mall 0.4566234 2.194013e-08
E1 Q4 Mall 0.5108246 7.194137e-08
E2 Q1 Mall 0.8485818 2.057737e-03
E2 Q2 Mall 0.8310987 9.941677e-04
E2 Q3 Mall 0.8013168 3.095669e-04
E2 Q4 Mall 0.7943783 2.387403e-04
E3 Q1 Mall 0.8173187 5.732173e-04
E3 Q2 Mall 0.8553097 2.747372e-03
E3 Q3 Mall 0.8141412 5.062277e-04
E3 Q4 Mall 0.7804853 1.437048e-04
E4 Q1 Mall 0.8216416 6.798971e-04
E4 Q2 Mall 0.8328750 1.068820e-03
E4 Q3 Mall 0.8342368 1.130078e-03
E4 Q4 Mall 0.8497989 2.167361e-03
E5 Q1 Mall 0.7731509 1.106359e-04
E5 Q2 Mall 0.6714262 4.317706e-06
E5 Q3 Mall 0.6024954 6.587206e-07
E5 Q4 Mall 0.8112400 4.523111e-04
E6 Q1 Mall 0.8305994 9.741997e-04
E6 Q2 Mall 0.8719499 5.745655e-03
E6 Q3 Mall 0.8608029 3.492235e-03
E6 Q4 Mall 0.8516709 2.348253e-03
E7 Q1 Mall 0.9035082 2.556186e-02
E7 Q2 Mall 0.8920250 1.463969e-02
E7 Q3 Mall 0.8957247 1.748893e-02
E7 Q4 Mall 0.7681812 9.289618e-05
E8 Q1 Mall 0.7384469 3.393164e-05
E8 Q2 Mall 0.8768775 7.194960e-03
E8 Q3 Mall 0.9001144 2.164392e-02
E8 Q4 Mall 0.6558879 2.772880e-06

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q1 Mex 0.4455664 1.738434e-08
close Q2 Mex 0.6253897 1.201729e-06
close Q3 Mex 0.7410802 3.700329e-05
close Q4 Mex 0.7749532 1.179318e-04
control Q1 Mex 0.7227910 2.046289e-05
control Q2 Mex 0.7914034 2.138538e-04
control Q3 Mex 0.7340969 2.943593e-05
control Q4 Mex 0.8149699 5.228550e-04
E1 Q1 Mex 0.7629840 7.753770e-05
E1 Q2 Mex 0.6300218 1.360806e-06
E1 Q3 Mex 0.5218467 9.252906e-08
E1 Q4 Mex 0.5626661 2.429397e-07
E2 Q1 Mex 0.7975829 2.690319e-04
E2 Q2 Mex 0.7454841 4.281956e-05
E2 Q3 Mex 0.7746016 1.164694e-04
E2 Q4 Mex 0.7640292 8.039425e-05
E3 Q1 Mex 0.7788844 1.356813e-04
E3 Q2 Mex 0.6713672 4.310344e-06
E3 Q3 Mex 0.7875990 1.859782e-04
E3 Q4 Mex 0.7621266 7.527516e-05
E4 Q1 Mex 0.3665612 3.578983e-09
E4 Q2 Mex 0.5583411 2.187506e-07
E4 Q3 Mex 0.7567144 6.251904e-05
E4 Q4 Mex 0.7620464 7.506714e-05
E5 Q1 Mex 0.6541242 2.638918e-06
E5 Q2 Mex 0.7332194 2.860826e-05
E5 Q3 Mex 0.6202860 1.049018e-06
E5 Q4 Mex 0.7563015 6.164520e-05
E6 Q1 Mex 0.5905915 4.858900e-07
E6 Q2 Mex 0.6187903 1.008268e-06
E6 Q3 Mex 0.7299267 2.571659e-05
E6 Q4 Mex 0.7850710 1.696107e-04
E7 Q1 Mex 0.6488465 2.277468e-06
E7 Q2 Mex 0.8072595 3.880597e-04
E7 Q3 Mex 0.7908678 2.096744e-04
E7 Q4 Mex 0.8217183 6.819684e-04
E8 Q1 Mex 0.6865509 6.723300e-06
E8 Q2 Mex 0.7728579 1.094959e-04
E8 Q3 Mex 0.8647607 4.160376e-03
E8 Q4 Mex 0.6007219 6.293013e-0

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q1 Min 0.6815645 5.802249e-06
close Q2 Min 0.7013252 1.048692e-05
close Q3 Min 0.5552336 2.029521e-07
close Q4 Min 0.8156442 5.368143e-04
control Q1 Min 0.7771989 1.277461e-04
control Q2 Min 0.8335928 1.100656e-03
control Q3 Min 0.7551203 5.921616e-05
control Q4 Min 0.7969578 2.628167e-04
E1 Q1 Min 0.7423061 3.853286e-05
E1 Q2 Min 0.6285641 1.308465e-06
E1 Q3 Min 0.4584390 2.280155e-08
E1 Q4 Min 0.5640406 2.512071e-07
E2 Q1 Min 0.7465086 4.430742e-05
E2 Q2 Min 0.9060594 2.899299e-02
E2 Q3 Min 0.8473787 1.955144e-03
E2 Q4 Min 0.8872057 1.164212e-02
E3 Q1 Min 0.6164702 9.483417e-07
E3 Q2 Min 0.5778125 3.525779e-07
E3 Q3 Min 0.4874247 4.266141e-08
E3 Q4 Min 0.6870450 6.822687e-06
E4 Q1 Min 0.7146576 1.583223e-05
E4 Q2 Min 0.7034021 1.117424e-05
E4 Q3 Min 0.7855015 1.722859e-04
E4 Q4 Min 0.8229078 7.150014e-04
E5 Q1 Min 0.7723697 1.076241e-04
E5 Q2 Min 0.6404356 1.805776e-06
E5 Q3 Min 0.7620841 7.516463e-05
E5 Q4 Min 0.8714519 5.617445e-03
E6 Q1 Min 0.5966090 5.663043e-07
E6 Q2 Min 0.8582143 3.117552e-03
E6 Q3 Min 0.7976116 2.693210e-04
E6 Q4 Min 0.9036317 2.571776e-02
E7 Q1 Min 0.8484661 2.047625e-03
E7 Q2 Min 0.8625763 3.776324e-03
E7 Q3 Min 0.8407682 1.480471e-03
E7 Q4 Min 0.7796912 1.396633e-04
E8 Q1 Min 0.6668431 3.784301e-06
E8 Q2 Min 0.7372951 3.267433e-05
E8 Q3 Min 0.8024093 3.226196e-04
E8 Q4 Min 0.6497728 2.336894e-06

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q1 Mvr 0.5790737 3.638184e-07
close Q2 Mvr 0.6932112 8.202823e-06
close Q3 Mvr 0.5679589 2.764540e-07
close Q4 Mvr 0.6474906 2.193356e-06
control Q1 Mvr 0.7908429 2.094818e-04
control Q2 Mvr 0.7299978 2.577565e-05
control Q3 Mvr 0.8289028 9.094674e-04
control Q4 Mvr 0.7958954 2.526016e-04
E1 Q1 Mvr 0.4868225 4.210010e-08
E1 Q2 Mvr 0.5598357 2.268078e-07
E1 Q3 Mvr 0.5613842 2.354878e-07
E1 Q4 Mvr 0.5651268 2.579515e-07
E2 Q1 Mvr 0.8380060 1.319933e-03
E2 Q2 Mvr 0.7837355 1.615884e-04
E2 Q3 Mvr 0.7227702 2.044935e-05
E2 Q4 Mvr 0.8133292 4.904811e-04
E3 Q1 Mvr 0.7406385 3.646805e-05
E3 Q2 Mvr 0.7997221 2.915125e-04
E3 Q3 Mvr 0.8987624 2.026363e-02
E3 Q4 Mvr 0.7871951 1.832537e-04
E4 Q1 Mvr 0.7793046 1.377398e-04
E4 Q2 Mvr 0.8430472 1.628550e-03
E4 Q3 Mvr 0.8124341 4.737233e-04
E4 Q4 Mvr 0.7480492 4.664896e-05
E5 Q1 Mvr 0.6879244 7.003416e-06
E5 Q2 Mvr 0.5506738 1.819193e-07
E5 Q3 Mvr 0.6021446 6.527874e-07
E5 Q4 Mvr 0.7589371 6.745523e-05
E6 Q1 Mvr 0.7331437 2.853812e-05
E6 Q2 Mvr 0.8413078 1.514189e-03
E6 Q3 Mvr 0.8282003 8.840171e-04
E6 Q4 Mvr 0.7794715 1.385669e-04
E7 Q1 Mvr 0.6730700 4.527981e-06
E7 Q2 Mvr 0.7707981 1.018261e-04
E7 Q3 Mvr 0.7793785 1.381052e-04
E7 Q4 Mvr 0.7909250 2.101161e-04
E8 Q1 Mvr 0.7132922 1.517084e-05
E8 Q2 Mvr 0.7913751 2.136304e-04
E8 Q3 Mvr 0.8166345 5.580345e-04
E8 Q4 Mvr 0.8208905 6.599414e-04

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q0 Mstraininд 0.6540880 2.636237e-06
close Q1 Mstraininд 0.7353989 3.071106e-05
close Q2 Mstraininд 0.7220321 1.997537e-05
close Q3 Mstraininд 0.7790085 1.362858e-04
close Q4 Mstraininд 0.7913567 2.134856e-04
control Q0 Mstraininд 0.7459606 4.350484e-05
control Q1 Mstraininд 0.8128401 4.812478e-04
control Q2 Mstraininд 0.9018124 2.351874e-02
control Q3 Mstraininд 0.7966260 2.595806e-04
control Q4 Mstraininд 0.8063984 3.754817e-04
E1 Q0 Mstraininд 0.6469011 2.157816e-06
E1 Q1 Mstraininд 0.9064731 2.959326e-02
E1 Q2 Mstraininд 0.8843135 1.016070e-02
E1 Q3 Mstraininд 0.9016104 2.328712e-02
E1 Q4 Mstraininд 0.8511754 2.298863e-03
E2 Q0 Mstraininд 0.6899064 7.429662e-06
E2 Q1 Mstraininд 0.8736064 6.194884e-03
E2 Q2 Mstraininд 0.8850680 1.052690e-02
E2 Q3 Mstraininд 0.9210642 6.166245e-02
E2 Q4 Mstraininд 0.9178592 5.238898e-02
E3 Q0 Mstraininд 0.7267700 2.323452e-05
E3 Q1 Mstraininд 0.9164340 4.874033e-02
E3 Q2 Mstraininд 0.8861276 1.106487e-02
E3 Q3 Mstraininд 0.8483457 2.037162e-03
E3 Q4 Mstraininд 0.9309462 1.023528e-01
E4 Q0 Mstraininд 0.6979161 9.454239e-06
E4 Q1 Mstraininд 0.8993189 2.082023e-02
E4 Q2 Mstraininд 0.9032769 2.527262e-02
E4 Q3 Mstraininд 0.9411220 1.727869e-01
E4 Q4 Mstraininд 0.8864831 1.125180e-02
E5 Q0 Mstraininд 0.6720602 4.397549e-06
E5 Q1 Mstraininд 0.8833222 9.699896e-03
E5 Q2 Mstraininд 0.9160497 4.780223e-02
E5 Q3 Mstraininд 0.9333082 1.155964e-01
E5 Q4 Mstraininд 0.9460568 2.222179e-01
E6 Q0 Mstraininд 0.7502036 5.014669e-05
E6 Q1 Mstraininд 0.8462966 1.867512e-03
E6 Q2 Mstraininд 0.8783099 7.685457e-03
E6 Q3 Mstraininд 0.8947899 1.671781e-02
E6 Q4 Mstraininд 0.8812567 8.809297e-03
E7 Q0 Mstraininд 0.7311109 2.671908e-05
E7 Q1 Mstraininд 0.8162564 5.498292e-04
E7 Q2 Mstraininд 0.8104457 4.386390e-04
E7 Q3 Mstraininд 0.8873096 1.169944e-02
E7 Q4 Mstraininд 0.9154279 4.632372e-02
E8 Q0 Mstraininд 0.6056527 7.147571e-07
E8 Q1 Mstraininд 0.8802750 8.416748e-03
E8 Q2 Mstraininд 0.8852559 1.062021e-02
E8 Q3 Mstraininд 0.8867690 1.140453e-02
E8 Q4 Mstraininд 0.8739377 6.289126e-03

(Continued)

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



33:66 T. Hirzle et al.

Table 18. Continued

Condition Time Variable Test statistic p-value
close Q0 Mr elievinд 0.6875327 6.922302e-06
close Q1 Mr elievinд 0.8492425 2.116497e-03
close Q2 Mr elievinд 0.8492425 2.116497e-03
close Q3 Mr elievinд 0.8372733 1.280527e-03
close Q4 Mr elievinд 0.8629129 3.832970e-03
control Q0 Mr elievinд 0.7010046 1.038489e-05
control Q1 Mr elievinд 0.6684531 3.963245e-06
control Q2 Mr elievinд 0.7253682 2.221512e-05
control Q3 Mr elievinд 0.7243865 2.152957e-05
control Q4 Mr elievinд 0.7429266 3.933246e-05
E1 Q0 Mr elievinд 0.6419372 1.881721e-06
E1 Q1 Mr elievinд 0.9096204 3.460774e-02
E1 Q2 Mr elievinд 0.9145852 4.439551e-02
E1 Q3 Mr elievinд 0.8959067 1.764333e-02
E1 Q4 Mr elievinд 0.9147817 4.483743e-02
E2 Q0 Mr elievinд 0.6701140 4.157274e-06
E2 Q1 Mr elievinд 0.9165539 4.903696e-02
E2 Q2 Mr elievinд 0.9079311 3.181464e-02
E2 Q3 Mr elievinд 0.9426013 1.863772e-01
E2 Q4 Mr elievinд 0.9405937 1.681700e-01
E3 Q0 Mr elievinд 0.7736597 1.126457e-04
E3 Q1 Mr elievinд 0.9518960 2.976644e-01
E3 Q2 Mr elievinд 0.9206524 6.038165e-02
E3 Q3 Mr elievinд 0.9147669 4.480401e-02
E3 Q4 Mr elievinд 0.9023291 2.412247e-02
E4 Q0 Mr elievinд 0.7977144 2.703591e-04
E4 Q1 Mr elievinд 0.9489771 2.574456e-01
E4 Q2 Mr elievinд 0.9456168 2.173165e-01
E4 Q3 Mr elievinд 0.9366869 1.375733e-01
E4 Q4 Mr elievinд 0.9376458 1.445338e-01
E5 Q0 Mr elievinд 0.6778202 5.199069e-06
E5 Q1 Mr elievinд 0.8863969 1.120616e-02
E5 Q2 Mr elievinд 0.9200092 5.843617e-02
E5 Q3 Mr elievinд 0.9188243 5.501939e-02
E5 Q4 Mr elievinд 0.9343967 1.222645e-01
E6 Q0 Mr elievinд 0.7573934 6.398491e-05
E6 Q1 Mr elievinд 0.9164185 4.870198e-02
E6 Q2 Mr elievinд 0.9018053 2.351057e-02
E6 Q3 Mr elievinд 0.9101135 3.547042e-02
E6 Q4 Mr elievinд 0.9126771 4.033103e-02
E7 Q0 Mr elievinд 0.7350432 3.035705e-05
E7 Q1 Mr elievinд 0.9008968 2.248750e-02
E7 Q2 Mr elievinд 0.8921396 1.472018e-02
E7 Q3 Mr elievinд 0.8851846 1.058470e-02
E7 Q4 Mr elievinд 0.9355316 1.296263e-01
E8 Q0 Mr elievinд 0.5606132 2.311231e-07
E8 Q1 Mr elievinд 0.9246627 7.411256e-02
E8 Q2 Mr elievinд 0.9018707 2.358614e-02
E8 Q3 Mr elievinд 0.8786631 7.811777e-03
E8 Q4 Mr elievinд 0.8599922 3.370006e-03

(Continued)
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q0 Mt ir ed 0.8440042 1.695351e-03
close Q1 Mt ir ed 0.8874767 1.179217e-02
close Q2 Mt ir ed 0.8874283 1.176526e-02
close Q3 Mt ir ed 0.8918183 1.449571e-02
close Q4 Mt ir ed 0.8773012 7.336502e-03
control Q0 Mt ir ed 0.8494453 2.134887e-03
control Q1 Mt ir ed 0.8542744 2.626953e-03
control Q2 Mt ir ed 0.8063455 3.747242e-04
control Q3 Mt ir ed 0.8190826 6.144217e-04
control Q4 Mt ir ed 0.8597490 3.334218e-03
E1 Q0 Mt ir ed 0.8865341 1.127889e-02
E1 Q1 Mt ir ed 0.8960417 1.775882e-02
E1 Q2 Mt ir ed 0.8592447 3.261317e-03
E1 Q3 Mt ir ed 0.8873096 1.169944e-02
E1 Q4 Mt ir ed 0.8239170 7.443604e-04
E2 Q0 Mt ir ed 0.8306967 9.780558e-04
E2 Q1 Mt ir ed 0.9008326 2.241707e-02
E2 Q2 Mt ir ed 0.8913311 1.416214e-02
E2 Q3 Mt ir ed 0.8948475 1.676430e-02
E2 Q4 Mt ir ed 0.9094173 3.425878e-02
E3 Q0 Mt ir ed 0.8325357 1.054114e-03
E3 Q1 Mt ir ed 0.8686434 4.948971e-03
E3 Q2 Mt ir ed 0.8765170 7.076791e-03
E3 Q3 Mt ir ed 0.8678603 4.778002e-03
E3 Q4 Mt ir ed 0.8518336 2.364716e-03
E4 Q0 Mt ir ed 0.8400337 1.435851e-03
E4 Q1 Mt ir ed 0.8446712 1.743632e-03
E4 Q2 Mt ir ed 0.9056175 2.836584e-02
E4 Q3 Mt ir ed 0.8833532 9.713971e-03
E4 Q4 Mt ir ed 0.9167193 4.944911e-02
E5 Q0 Mt ir ed 0.9132395 4.148709e-02
E5 Q1 Mt ir ed 0.8879724 1.207194e-02
E5 Q2 Mt ir ed 0.8879432 1.205527e-02
E5 Q3 Mt ir ed 0.8833135 9.695960e-03
E5 Q4 Mt ir ed 0.8556094 2.783310e-03
E6 Q0 Mt ir ed 0.9133571 4.173311e-02
E6 Q1 Mt ir ed 0.9311324 1.033389e-01
E6 Q2 Mt ir ed 0.9039662 2.614497e-02
E6 Q3 Mt ir ed 0.8948891 1.679796e-02
E6 Q4 Mt ir ed 0.9346212 1.236870e-01
E7 Q0 Mt ir ed 0.8169661 5.653407e-04
E7 Q1 Mt ir ed 0.8135864 4.954120e-04
E7 Q2 Mt ir ed 0.7164999 1.677358e-05
E7 Q3 Mt ir ed 0.7525829 5.433581e-05
E7 Q4 Mt ir ed 0.8473953 1.956528e-03
E8 Q0 Mt ir ed 0.8702498 5.320300e-03
E8 Q1 Mt ir ed 0.9097394 3.481389e-02
E8 Q2 Mt ir ed 0.8923015 1.483470e-02
E8 Q3 Mt ir ed 0.9131566 4.131460e-02
E8 Q4 Mt ir ed 0.8572293 2.986406e-03
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Table 18. Continued

Condition Time Variable Test statistic p-value
close Q0 Mr elaxed 0.8675625 0.0047146465
close Q1 Mr elaxed 0.8648385 0.0041747923
close Q2 Mr elaxed 0.8990887 0.0205880259
close Q3 Mr elaxed 0.9158892 0.0474160210
close Q4 Mr elaxed 0.8696677 0.0051824458
control Q0 Mr elaxed 0.8753778 0.0067167441
control Q1 Mr elaxed 0.8392699 0.0013909650
control Q2 Mr elaxed 0.8173717 0.0005744131
control Q3 Mr elaxed 0.8744338 0.0064330739
control Q4 Mr elaxed 0.9142827 0.0437237153
E1 Q0 Mr elaxed 0.8639586 0.0040147535
E1 Q1 Mr elaxed 0.8579421 0.0030807201
E1 Q2 Mr elaxed 0.8230195 0.0007181879
E1 Q3 Mr elaxed 0.8548727 0.0026958379
E1 Q4 Mr elaxed 0.8278288 0.0008708653
E2 Q0 Mr elaxed 0.9198573 0.0579862505
E2 Q1 Mr elaxed 0.8642951 0.0040751743
E2 Q2 Mr elaxed 0.8952386 0.0170834113
E2 Q3 Mr elaxed 0.9232458 0.0689282494
E2 Q4 Mr elaxed 0.8860146 0.0110061112
E3 Q0 Mr elaxed 0.8583627 0.0031378408
E3 Q1 Mr elaxed 0.8549176 0.0027010940
E3 Q2 Mr elaxed 0.9530561 0.3151322797
E3 Q3 Mr elaxed 0.9119996 0.0389826257
E3 Q4 Mr elaxed 0.9215322 0.0631518852
E4 Q0 Mr elaxed 0.8405252 0.0014655440
E4 Q1 Mr elaxed 0.8653591 0.0042726660
E4 Q2 Mr elaxed 0.9071353 0.0305813771
E4 Q3 Mr elaxed 0.9052372 0.0278374366
E4 Q4 Mr elaxed 0.8900313 0.0133112504
E5 Q0 Mr elaxed 0.9409284 0.1710814580
E5 Q1 Mr elaxed 0.8950910 0.0169621835
E5 Q2 Mr elaxed 0.8697641 0.0052050061
E5 Q3 Mr elaxed 0.9112749 0.0375921584
E5 Q4 Mr elaxed 0.9207204 0.0605911945
E6 Q0 Mr elaxed 0.8799892 0.0083059635
E6 Q1 Mr elaxed 0.9243535 0.0729479094
E6 Q2 Mr elaxed 0.9427584 0.1878796124
E6 Q3 Mr elaxed 0.9132271 0.0414612069
E6 Q4 Mr elaxed 0.9254451 0.0771443697
E7 Q0 Mr elaxed 0.8616722 0.0036285511
E7 Q1 Mr elaxed 0.8591281 0.0032446976
E7 Q2 Mr elaxed 0.7959647 0.0002532548
E7 Q3 Mr elaxed 0.8641200 0.0040436100
E7 Q4 Mr elaxed 0.8984719 0.0199792827
E8 Q0 Mr elaxed 0.9101135 0.0354704216
E8 Q1 Mr elaxed 0.9350049 0.1261564199
E8 Q2 Mr elaxed 0.9083408 0.0324697107
E8 Q3 Mr elaxed 0.8902305 0.0134380301
E8 Q4 Mr elaxed 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: Q0–Q3).
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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.
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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 Q1−0 Mall 0.96557 0.6856
Close Eyes Q2−0 Mall 0.76605 0.0003823
Close Eyes Q3−0 Mall 0.85401 0.007801
Eye Exercises Q1−0 Mall 0.93898 0.2528
Eye Exercises Q2−0 Mall 0.90129 0.05134
Eye Exercises Q3−0 Mall 0.98438 0.9808
Control Condition Q1−0 Mall 0.90469 0.05919
Control Condition Q2−0 Mall 0.92903 0.1662
Control Condition Q3−0 Mall 0.85047 0.006828
Close Eyes Q1−0 Mex 0.95345 0.4513
Close Eyes Q2−0 Mex 0.81102 0.00166
Close Eyes Q3−0 Mex 0.86758 0.01314
Eye Exercises Q1−0 Mex 0.98621 0.9899
Eye Exercises Q2−0 Mex 0.96676 0.7103
Eye Exercises Q3−0 Mex 0.98415 0.9794
Control Condition Q1−0 Mex 0.9516 0.4206
Control Condition Q2−0 Mex 0.94824 0.3687
Control Condition Q3−0 Mex 0.87102 0.01503
Close Eyes Q1−0 Min 0.9428 0.2959
Close Eyes Q2−0 Min 0.71201 7.756e-05
Close Eyes Q3−0 Min 0.90919 0.07153
Eye Exercises Q1−0 Min 0.93659 0.2288
Eye Exercises Q2−0 Min 0.79604 0.001002
Eye Exercises Q3−0 Min 0.94401 0.311
Control Condition Q1−0 Min 0.91084 0.07669
Control Condition Q2−0 Min 0.91873 0.1072
Control Condition Q3−0 Min 0.91195 0.08041
Close Eyes Q1−0 Mvr 0.83956 0.004558
Close Eyes Q2−0 Mvr 0.93215 0.1897
Close Eyes Q3−0 Mvr 0.75515 0.0002734
Eye Exercises Q1−0 Mvr 0.92619 0.1473
Eye Exercises Q2−0 Mvr 0.83485 0.00384
Eye Exercises Q3−0 Mvr 0.88921 0.03117
Control Condition Q1−0 Mvr 0.86675 0.01272
Control Condition Q2−0 Mvr 0.90908 0.0712
Control Condition Q3−0 Mvr 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: Q1−0–Q3−0). We show
the results for the relative symptoms means.
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D.2 Friedman Tests

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

D.3 Two-factorial Non-parametric Variance Analysis

Mall Mex Min Mvr
Time χ 2 (2) = 13.65,p < .01 χ 2 (2) = 5.88,p < .01 χ 2 (2) = 17.68,p < .01 χ 2 (2) = 9.91,p < .01
Condition χ 2 (2) = 3.41,p = .04 χ 2 (2) = 3.18,p = .04 χ 2 (2) = 1.82,p = .16 χ 2 (2) = 2.25,p = .11
Time:Condition χ 2 (3) = 4.87,p < .01 χ 2 (3) = 3.86,p < .01 χ 2 (2) = 4.35,p < .01 χ 2 (3) = 3.20,p = .02
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ABSTRACT 
Based on a systematic literature review of more than 300 papers 
published over the last 10 years, we provide indicators that the sim-
ulator sickness questionnaire (SSQ) is extensively used and widely 
accepted as a general discomfort measure in virtual reality (VR) 
research – although it actually only accounts for one category of 
symptoms. This results in important other categories (digital eye 
strain (DES) and ergonomics) being largely neglected. To contribute 
to a more comprehensive picture of discomfort in VR head-mounted 
displays, we further conducted an online study (N=352) on the 
severity and relevance of all three symptom categories. Most im-
portantly, our results reveal that symptoms of simulator sickness 
are signifcantly less severe and of lower prevalence than those of 
DES and ergonomics. In light of these fndings, we critically discuss 
the current use of SSQ as the only discomfort measure and propose 
a more comprehensive factor model that also includes DES and 
ergonomics. 
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1 INTRODUCTION 
Feelings of discomfort or even sickness are well-known, frequent, 
and often unavoidable byproducts when using VR head-mounted 
displays (HMDs) [93]. Several reviews on discomfort in VR have 
investigated and presented possible causes for discomfort, includ-
ing hardware, content, as well as causes related to human factors 
[18, 80, 84]. Others have demonstrated that efects of discomfort 
in VR HMDs – also known as VR sickness [18, 49], cybersickness 
[22, 80, 85], or visually induced motion sickness [45] – are distinct 
from those of simulator sickness [62, 88], which is typically mea-
sured with the simulator sickness questionnaire (SSQ) [46]. The 
SSQ was introduced in the 90s for the assessment of sickness symp-
toms during professional fight simulator training [18, 84]. While 
revised questionnaires specifcally for VR settings based on the SSQ 
were proposed, such as the Virtual Reality Sickness Questionnaire 
[49] or the Revised SSQ [48], these only provide a modifed factor 
structure and do not include other symptom categories of discom-
fort. Single item measures asking participants to rate their sickness 
on a linear scale are commonly used alternatives but further reduce 
the complexity of discomfort [25, 47, 56]. 

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

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

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

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

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

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

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

A critical assessment of SSQ as a measure of discomfort in VR 
HMDs frst requires to understand why and how the questionnaire 
is currently being used in the feld and how its results are being 
reported in research papers. To this end, we conducted a systematic 
literature review with meta-analysis covering more than 300 papers 
published over the last 10 years. In stark contrast to other recent 
reviews of SSQ, we intentionally did not focus on infuencing factors 

or causes of simulator sickness [18, 80, 84], but instead on the 
authors’ rationales for using it. To conduct the review, we followed 
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [65] that were previously used to review factors 
causing simulator sickness in VR HMDs [84]. 

2.1 Method 
2.1.1 Identification of Sources. We searched in the following three 
academic databases: ACM Digital Library (ACM DL)1, IEEE Xplore2, 
and Science Direct3. We opted for these databases given that they 
cover the most relevant conferences and journals for human-computer 
interaction and VR research (e.g., CHI, IEEE VR, IEEE ISMAR). 
The search was conducted between July 1, 2020 (ACM DL and 
IEEE Xplore) and July 22, 2020 (ScienceDirect). We searched the 
databases’ full text collections with the combined term ”simulator 
sickness questionnaire“ between the years 2010 and 2020. This ini-
tial search resulted in 833 papers. The summary of the following 
screening process is shown in Figure 1. 

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

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

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

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

1https://dl.acm.org/, accessed September 10th, 2020 
2https://ieeexplore.ieee.org/, accessed September 10th, 2020 
3https://www.sciencedirect.com/, accessed September 10th, 2020 
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Excluded (n = 277)
    used SSQ but no values reported (n = 189)
    only relative values reported (n = 57)    
    questionnaire not employed (n = 12)
    data not extractble (n = 12)
    modified version of SSQ (n = 7)

Excluded (n = 247)
    no access to full text (n = 115)
    no citation of SSQ (n = 67)
    questionnaire used not SSQ (n = 34)
    not written in English (n = 12)
    duplicate (n = 12)
    not part of the conference proceedings (n = 7)

Articles screened on basis of title, abstract, and reference section

Search results combined (n = 833)

Literature search
Databases: ACM DL, IEEE Xplore, and Science Direct
Limits: time frame 2010 - 2020

Included (n = 586)

Included in quantitative synthesis (n = 309)

Manuscript review and application of inclusion criteria

Figure 1: PRISMA fow diagram of selection process. 

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

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

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

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

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

3 SSQ AS A MEASURE OF GENERAL 
DISCOMFORT 

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

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

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

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

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

Limited scope of use. The SSQ was developed as a measure of 
simulator sickness and therefore does not allow to assess other 
symptoms that are of equal, if not even higher importance in the 
context of VR HMDs, specifcally digital eye strain and ergonomic 
symptoms. Szpak et al. stressed visual fatigue and cognitive fa-
tigue as additional infuence factors that are not considered suf-
ciently by the SSQ [91]. Similarly, Ames et al. criticised that the 
SSQ does not cover the range of ocular symptoms that can occur 
in VR HMDs appropriately and designed the Virtual Reality Symp-
tom Questionnaire to stress the importance of ocular symptoms 
[3]. Ocular symptoms that arise from prolonged viewing of digi-
tal devices are summarized by the term Digital Eye Strain, which 
refers to vision and eye problems that are reported by users after 
experiencing prolonged screen time [81, 86]. Symptoms include 
general discomfort, headache, fatigue, but also address specifc 
properties of the eyes, such as tearing or burning eyes [24, 40, 86]. 
Numerous causes were reported, such as ocular anomalies [81], 
reduced blink rate [9], close viewing distances [37], or interface 
properties [82]. In addition to problems caused by digital screens in 
general, HMDs pose specifc challenges to the eyes [36], for instance 
by a particularly short screen-eye distance, and most importantly 
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Simulator Sickness Symptoms Digital Eye Strain Symptoms 
General discomfort, Fatigue, Headache, Eyestrain, 
Difculty focusing, Increased salivation, Sweating, 
Nausea, Difculty concentrating, Fullness of head, 
Blurred vision, Dizzyness with open eyes, Dizzyness 
with closed eyes, Vertigo, Stomach awareness, Burping 

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

Table 1: The symptoms of simulator sickness and digital eye strain included in our online study. 

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

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

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

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

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

4.1.2 Definition of Rating Scale. To ensure comparability of the 
three symptom categories, we aimed for uniform rating scales. 
This confronted us with the challenge of integrating more than 
four types of scales (SSQ scale [46], several scales for DES [24, 40, 
86], CRS [54], and Borg CR10 scale [11]) that varied in length and 
sensitivity. In general, the number of response categories is closely 
coupled to the clarity of the constructs’ mental representation that 
participants should rate. The number of categories to evaluate 
simulator sickness and digital eye strain ranges from four (SSQ [46]) 
to 100 (visual analog scale [86]) or even ”an extremely strong pain 
that a person has ever experienced“ (Borg CR10 [11]). Following 
Krosnick and Presser’s argumentation we chose a 7-point scale, as 
this provides enough clarity for each individual category, while 
keeping a suitable diferentiation of the single points on the scale 
[58]. This conclusion is supported by Menold and Bogner, who 
recommended to use rating scales of 5- or 7-points [75]. Symptom 
severity is typically measured with unipolar rating scales [3, 11, 46]. 
As the opposite of experiencing a symptom is not conceivable (but 
would rather refer to not experiencing the symptom) a bipolar 
rating scale is not suitable. While the number of categories of the 
scales we build upon varies between 4 and 100, they are all unipolar 
scales (e.g., [40, 86, 95]). Furthermore, verbally labelling categories 
increases test-retest reliability [75]. Typically, symptom severity 
or pain scales are labelled from ”none“ to ”severe“, but difer in 
labelling the single categories in between [3, 24, 45]. Other labels 
are ”no discomfort“/”very bad discomfort“ [40] or ”nothing“/”very 
much“ [95]. We chose to stay consistent with typical symptom 
severity scales but decided to verbalize all seven categories, as 
this was found to facilitate participants’ mental representation 
of the measured construct. The scale we used was labelled as: ”0 
(nothing at all)“, ”1 (very slight)“, ”2 (slight)“, ”3 (moderate)“, ”4 
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Table 2: The ergonomic symptoms included in our online study – based on Knight and Baber’s CRS [54]. 

Ergonomic Symptoms 
Emotion I was worried about how I look when I wear this device. I felt tense or on edge because I was wearing the device. 
Attachment I could feel the device on my body. I could feel the device moving. 
Harm The device was causing me some harm. The device was painful to wear. 
Perceived Change Wearing the device made me feel physically diferent. I felt strange wearing the device. I felt bulky wearing the device. 
Movement The device afected the way I move. The device inhibited or restricted my movement. 
Anxiety I did not feel safe wearing the device. 

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

The device generated additional heat leading to excess sweating. 

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

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

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

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

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

4.3.1 Data Qality and Exclusion of Participants. Although it was 
observed that data quality in online studies is comparably reliable to 
conventional methods [14], it is important to apply a sensible inspec-
tion of the quality of the obtained data. Therefore, four reliability 
measures were defned to be able to exclude low-quality responses 
quickly. First, a number of attention checks were integrated into 
the pre- and post-exposure questionnaires (2 for pre-exposure, 3 for 
post-exposure), which were consistent with the survey platform’s 
guidelines on 5 fair attention checks . Participants that missed one or 
more attention checks were excluded from analysis (G1=10, G2=42), 
but also received compensation. Secondly, three symptoms (blurred 
vision, eye strain, and difculty focusing) were included twice (once 
in the simulator sickness section and once in the DES section) in 

were recruited via Prolifc4. During registration, par-

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

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

Quality and reliability assessment. We frst conducted a confr-
matory factor analysis (CFA) to compare the simulator sickness 
data of the post-exposure survey of both groups with the SSQ 3-
factor model, in order to obtain a frst estimate of the quality and 
reliability of our data. The symptoms were specifed to load on their 
designated factor as described by Kennedy et al. [46] and the factor 
loading of the frst indicator was fxed to one. As our data were ordi-
nal and the criterion of multivariate normality was not met (Mardia 
test [72]: Skewness = 4407.5, p < .01, Kurtosis = 57.7, p < .01), 
we used diagonally weighted least squares as estimation method 
[64, 76]. Results of the CFA suggest that the model is a good ft 
for the data (χ2 = 172.66,p < .001 criteria p > .05(96, N =352)
[39],CFI = .994 criteria > .95 [16],TLI = .993 criteria > .95 
[39], RMSEA = .048 criteria < .05 [70], p-RMSEA = .616). The only 
criteria that indicated a rejection of the model was the χ2 measure, 
which does assume multivariate normality that was not given in our 
case and is therefore plausible to result in an erroneous rejection of 
the model [74]. As an additional validity measure we employed a 
hierarchical factor analysis that allows to more deeply investigate 
the loadings of single items to respective general and group factors 
(similar to procedure in SSQ). The resulting structure showed great 
similarity to the original factor model of the SSQ, the details of 
which are available as supplementary material. In conclusion the 
results suggest that the overall structure of our simulator sickness 
data meets the proposed factor model of the SSQ. 

Exploratory factor analysis of all three symptom categories. We 
conducted an exploratory factor analysis (EFA), following the guide-
lines summarized by Samuels [83], to build a factor model of general 
discomfort including the three categories simulator sickness, digi-
tal eye strain, and ergonomics. The analysis was conducted based 
on polychoric correlation matrices that were shown to provide 
more accurate reproductions of the measurement model for ordinal 
data than Pearson correlations [38]. Barlett’s test that indicates 
whether correlations among the variables are present was signif-
cant (χ2 = 25604.46, p < .001) [5]. First, we conducted (2016, N =352)
an EFA with principal axis factoring (PA) and varimax rotation to 
generate orthogonal factors. However, the average within factor 
correlation of the result (0.49) was only marginally higher than the 
average between factor correlation (0.42), which was not consid-
ered a satisfactory solution. Therefore, we repeated the analysis 
with oblimin rotation. The following steps were repeated and the 
analysis rerun until the solution stabilised. 

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

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

A solution is considered valid when there are higher average cor-
relations between the items of the extracted factors (within factor 
correlation) than the average correlations between the factors (be-
tween factor correlation). To calculate the within and between factor 
correlation, we ran a principal component analysis (PCA) with one 
component for each of the factors, i.e., input for the PCA were the 
items that loaded on the respective factor. The within factor corre-
lations were calculated for each factor using Pearson correlations. 
To calculate the between factor correlations the regression scores 
of the PCA were extracted for each factor. Based on these, a corre-
lation matrix indicating the relation between factors was extracted. 
The average within factor correlation was with 0.53 higher than 
the between factor correlation of 0.4, which indicates an acceptable 
solution. The extracted communalities were all > 0.3 with 34 > 0.5 
and the Kaiser-Meyer-Olkin Measure of Sampling Adequacy (MSA) 
was very good with Overall MSA = 0.87 (criteria >0.7 for good 
ft [17]). As a double-check, we ran a Cronbach’s alpha reliability 
analysis on each factor, which also resulted in satisfactory values, 
as a value of > 0.7 is considered reliable for internal consistency 
(αf 1 = 0.93, αf 2 = 0.9, αf 3 = 0.86, αf 4 = 0.83, αf 5 = 0.83, αf 6 = 
0.77) [77]. The six factors explained 61% of the variance in the 
data, which is also acceptable. In addition, a CFA confrmed that 
the model ftted the data well (χ2(764, N = 352) = 1473.722, p < 
.001,CFI = .990,TLI = .990, RMSEA = .051,p-RMSEA = .269). 

4.4.2 Comparison of Symptoms of Simulator Sickness, DES, and 
ERG. The six factors that were extracted in the previous step were 
applied to the post-exposure values of both groups and the pre-
exposure values of G2 (see Figure 3, left for mean values and right 
for distribution of scores). Tests of normality (Shapiro-Wilk test 
and Komogorov-Smirnov test) were applied to all variables before 
analysing within- or between-group diferences. More detailed in-
formation on test results are provided as supplementary material. 
As all factors were assessed with the same scale, a comparison indi-
cating symptom severity in each factor was made with Wilcoxon 
Signed Rank tests with Bonferroni correction. Tests were signif-
icant between all factors, except between F2/F3, F2/F4. and F3/4. 
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Table 3: The fnal factor structure of EFA with 39 respective items loading on 6 factors. For each factor the explained propor-
tional amount of variance is listed. The items and factors are assigned with one of three codes that defnes which symptom 
category they belong to. SS: simulator sickness symptoms, DES: digital eye strain symptoms, ERG: ergonomic symptoms. 

Item Factor F1 F2 F3 F4 F5 F6 h2 u2 com 

Irritation of eyes Digital Eye Strain 0.87 -0.02 0.01 -0.01 0.02 -0.04 0.74 0.26 1.0 
Soreness of eyes Digital Eye Strain 0.85 -0.05 -0.01 0.03 0.01 0.06 0.72 0.28 1.0 
Eye strain Digital Eye Strain 0.78 0.04 -0.07 0.10 -0.05 0.10 0.69 0.31 1.1 
Sensation of hot eyes Digital Eye Strain 0.78 0.00 0.05 -0.09 0.16 0.00 0.68 0.32 1.1 
Dry eyes Digital Eye Strain 0.75 -0.06 -0.01 0.13 -0.05 -0.02 0.58 0.42 1.1 
Burning eyes Digital Eye Strain 0.74 0.20 -0.01 0.02 -0.09 0.09 0.73 0.27 1.2 
Eye ache Digital Eye Strain 0.74 0.05 0.08 -0.09 0.12 -0.03 0.65 0.35 1.1 
Eye redness Digital Eye Strain 0.72 0.15 0.06 0.02 -0.12 0.07 0.69 0.31 1.2 
Tearing eyes Digital Eye Strain 0.67 0.07 0.04 0.06 -0.12 0.06 0.55 0.45 1.1 
Discomfort on eyes Digital Eye Strain 0.62 -0.1 0.11 0.09 0.16 -0.14 0.52 0.48 1.4 
Blurred vision Digital Eye Strain 0.43 0.30 0.08 0.07 0.04 0.04 0.56 0.44 2.0 
Stomach awareness Simulator Sickness -0.16 0.69 0.05 0.05 0.09 0.13 0.51 0.49 1.2 
Nausea Simulator Sickness -0.04 0.68 -0.03 0.05 0.16 0.09 0.57 0.43 1.2 
Dizzyness (open eyes) Simulator Sickness 0.16 0.66 0.01 0.08 0.04 -0.02 0.65 0.35 1.2 
Vertigo Simulator Sickness 0.16 0.61 0.05 -0.01 0.08 0.04 0.58 0.42 1.2 
Dizzyness (closed eyes) Simulator Sickness 0.26 0.54 0.06 0.03 0.10 -0.01 0.62 0.38 1.6 
Difculty concentrating Simulator Sickness 0.25 0.52 0.08 0.06 0.11 -0.13 0.61 0.39 1.8 
Burping Simulator Sickness 0.16 0.49 0.18 0.24 -0.33 0.14 0.65 0.35 3.1 
Fullness of head Simulator Sickness 0.20 0.44 0.10 0.04 0.11 -0.04 0.46 0.54 1.7 
Difculty focusing Simulator Sickness 0.29 0.43 0.05 0.14 0.09 -0.11 0.57 0.43 2.4 
General discomfort Simulator Sickness 0.29 0.32 0.05 0.10 0.23 -0.05 0.51 0.49 3.1 
Discomfort on shoulders Neck/Shoulder Pain 0.03 -0.06 0.93 -0.05 -0.02 -0.01 0.80 0.20 1.0 
Shoulder pain Neck/Shoulder Pain 0.03 -0.01 0.88 0.00 -0.05 0.05 0.79 0.21 1.0 
Discomfort on neck Neck/Shoulder Pain -0.03 -0.07 0.82 0.12 0.03 -0.01 0.70 0.30 1.1 
Neck pain Neck/Shoulder Pain -0.05 0.14 0.78 0.00 0.08 0.01 0.72 0.28 1.1 
Device not properly attached Erg. (Attachment) 0.03 -0.02 0.02 0.75 0.02 0.01 0.61 0.39 1.0 
Attachment too loose Erg. (Attachment) -0.09 0.10 -0.01 0.74 -0.03 0.04 0.54 0.46 1.1 
Device painful to wear Erg. (Attachment) 0.00 -0.06 0.19 0.64 0.16 -0.03 0.61 0.39 1.3 
Could feel device moving Erg. (Attachment) 0.01 0.10 -0.07 0.62 0.04 0.06 0.46 0.54 1.1 
Device too heavy Erg. (Attachment) 0.11 -0.14 0.04 0.58 0.22 0.04 0.55 0.45 1.5 
Device causing some harm Erg. (Attachment) 0.04 0.25 0.15 0.52 -0.04 -0.03 0.54 0.46 1.7 
Attachment too tight Erg. (Attachment) 0.26 0.04 0.00 0.41 0.04 0.05 0.39 0.61 1.8 
Not able to move as usual Erg. (Perceived Change) 0.02 0.06 0.03 0.04 0.74 -0.01 0.63 0.37 1.0 
Device afected movement Erg. (Perceived Change) 0.04 0.06 -0.01 0.07 0.72 0.10 0.66 0.34 1.1 
Device restricted movement Erg. (Perceived Change) 0.01 0.14 0.08 0.08 0.68 0.10 0.68 0.32 1.2 
Feeling of device on body Erg. (Perceived Change) -0.06 0.04 -0.01 0.18 0.46 0.09 0.33 0.67 1.5 
Feeling physically diferent Erg. (Perceived Change) 0.14 0.21 0.07 0.09 0.41 -0.02 0.43 0.57 2.0 
Device generated heat Erg. (Sweating) 0.13 -0.14 -0.05 0.14 0.12 0.79 0.74 0.26 1.2 
Sweating Erg. (Sweating) -0.05 0.14 0.13 -0.12 -0.01 0.77 0.63 0.37 1.2 
Sums of Squares 8.32 4.82 3.6 3.73 2.92 1.5 
% of variance explained 20 12 9 9 7 4 

Mean values of F5 (Perceived Change) (M = 1.76, SD = 1.07) and 
F6 (Sweating) (M = 1.51, SD = 1.39) were highest, followed by 
F1 (DES) (M = 1.17, SD = 0.99). Factors F2 (Simulator Sickness) 
(M = 0.88, SD = 0.82), F3 (Neck/Shoulder Pain) (M = 0.88, SD = 1), 
and F4 (Attachment) (M = 0.92, SD = 0.85) resulted in almost equal 
mean values. For factors F1, F5, and F6, approx. 30% of participants 
had at least moderate discomfort values, while this percentage was 
at 15% for factors F2, F3, and F4. The two symptoms that occurred 

least often, were salivation increasing with 78% not experiencing it 
at all and burping with 72% of participants not experiencing it. The 
symptom with the highest single symptom score was eye strain with 
50% of participants having stated that it occurred at least slightly 
(15% moderately, 9% moderately severe or higher). This was fol-
lowed by three statements for which at least 30% of the participants 
rated them as at least moderate. These are ”I could feel the device 
on my body“ (34%), ”the device was causing me some harm“ (30%), 
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Figure 3: Left: mean factor scores, averaged over all participants. Right: distribution of factor scores for each factor, averaged 
over all symptoms that contribute to its respective factor. 

and ”the attachment of the device was too loose“ (30%). Of the 9 
symptoms that were rated on the adapted Borg CR10 scale, measur-
ing perceived discomfort on diferent parts of the face, head, and 
neck, the highest rated symptoms were eyes and temples (for both 
28% of participants rated them as moderate at least) (see Figure 4 
for mean values). 

4.4.3 Influences of Sex, Frequency of Usage, and Motion Conflict 
on Symptom Factors. Literature suggests infuences of sex [26], 
frequency of usage [34], and visuo-vestibular confict [45, 62] on 
simulator sickness. To reveal possible similar efects on our factor 
values, we conducted an univariate analysis of variances (ANOVA) 
on each factor (6 dependent variables F1-F6) with four between-
subject variables group (G1/G2), sex (female/male), frequency of 
usage (0: less than once a week, 1: once a week, 2: once/twice a week, 
3: daily, 4: several times a day), and visuo-vestibular confict (yes/no). 
Although signifcance tests for normality were negative, Q-Q-plots 
and boxplots of the dependent variables indicated that data does not 
largely difer from normality (plots are provided as supplementary 
material). In addition, it was shown that ANOVA analysis is robust 
for non-parametric data of our sample size [8], which is why we 
considered it valid to proceed with the analysis. Homogenity of 
variances was given (tested with Levene’s tes, p > .05). We found a 
signifcant efect of group on F2 (F (1) = 4.92,p < .05), F4 (F (1) = 
15.66, p < .01), and F5 (F (1) = 8.62,p < .01) with G1 having 
slightly higher scores than G2 (M(F 2G1) = 0.95, M(F 2G2) = 0.82, 
M(F 4G1) = 1.13, M(F 4G2) = 0.71, M(F 4G1) = 1.89, M(F 4G2) = 
1.62). Furthermore, we found a signifcant efect of sex on F2 (F (1) = 
7.33, p < .01, univariate test: F (1) = 8.38, p < .01), i.e., on average 
women reported higher simulator sickness values (M = 1.03, SD = 
0.89) than men (M = 0.74, SD = 0.72). We also found a signifcant 
efect of frequency on F5(F (4) = 2.42,p < .05, univariate test: 
F (4) = 2.74,p < .05). Pairwise comparisons showed (p < .05) a 
signifcant diference between users that used their headset several 
times a day (M = 1.36, SD = 0.94) and users that used their headset 
less than once a week (M = 2.08, SD = 1.18). We did not fnd a 
signifcant efect for visuo-vestibular confict, indicating that the 
type of experience did not have an infuence on the symptoms 
results. However, we observed a trend for F2 (F (1) = 3.67, p = .056), 

indicating that values were higher (M = 0.96, SD = 0.90) when a 
confict was present than when not (M = 0.77, SD = 0.69). 

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

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

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

5 DISCUSSION 

5.1 On the Factor Model 
In contrast to previous works that aimed to revise the factor struc-
ture of SSQ [4, 12], we aimed for building a more comprehensive 
model of discomfort, addressing DES and ERG in addition to simu-
lator sickness. We identifed several discrepancies when comparing 
our model with previous works: The symptom headache that was 
included in other factor structures [46, 49, 89] was removed during 
our refnement process. In contrast, sweating was kept although 
removed for revised factor structure versions of the SSQ [85]. In-
terestingly, the symptom general discomfort was attributed to the 
simulator sickness factor (F2). This may suggest that simulator 
sickness includes symptoms that address a more general feeling of 
discomfort in contrast to very specifc symptoms, such as sweating 
or tearing eyes, which contribute to the other two symptom cate-
gories. Similar to Ames et al. [3] and in contrast to other previous 
works [86], double vision was not a relevant indicator of ocular 
symptoms and was removed from the factor model. This is particu-
larly surprising, as the majority of participants did not use a HMD 
with adjustable inter pupillary distance. One reason might be that 

users were used to wearing and engaging with the device, as they 
used it very frequently and might not notice specifc symptoms 
after long usage times. Our single factors match in large parts with 
previous work on simulator sickness and digital eye strain [46, 86]. 
However, we are the frst to propose an orthogonal factor struc-
ture of discomfort in VR HMDs that includes three categories of 
symptoms, demonstrating their specifc relations to each other. 

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

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

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

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

Peculiarly, the pre-exposure value of our user study was at 50. 
These fndings indicate that our sample had already high symp-
toms before starting the experiment. This might be explained by 
conducting a user survey with an online study portal, where users 
presumably spend a long time in front of screens per day and there-
fore might have increased symptoms due to prolonged screen time. 
However, we did not measure screen time and can therefore only hy-
pothesise about this cause. In addition, participants were frequent 
VR users who may experience symptoms, but less severe than they 
could be measured with a 7-point scale. We rather presume that 
the VR exposure of 30 minutes was too short to induce a signifcant 
change in symptoms that could be assessed with the rating scales, 
when starting with already high symptoms. Another explanation 
for the high pre-exposure values might be that we measured symp-
toms on a 7-point scale, in contrast to SSQ that has a 4-point scale. 
To analyse SSQ values, we transformed data to the SSQ scale. It was 
shown that 7-point scales provide a clearer understanding of the 
measured construct for participants than shorter scales [58]. Given 
that we provided more categories on a fne-grained scale, partici-
pants possibly reported higher values than they would have with a 
4-point scale. Therefore, the data-transformation might have caused 
higher values than when measured directly with a 4-point scale. 
This might also serve as explanation for the high pre-exposure 
values. Lastly, Kennedy et al. classifed symptoms that occur in 
simulator studies of > 15 as a concern [44]. Although Stanney et al. 

argued that cybersickness results in other symptom distributions 
and higher values than simulator sickness [88], it can be questioned 
if a questionnaire that indicates a problem at 15 on a scale from 
0 − 235.62 is fne-grained enough to measure small diferences in 
symptomatology. In summary, these fndings indicate that a 7-point 
scale allows for assessing more detailed diferences in single scale 
categories than using a 4-point scale (SSQ). However, although 
we used a more specifc scale than SSQ, both the original and the 
extended scales are still too insensitive to measure fne diferences 
in perceived symptoms. 

5.4 On the Administration Practice of 
Discomfort Scales 

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

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

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

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

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