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ABSTRACT

1

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.

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
problem with 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 even more 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 increase 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 additional 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 become 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 eyebased 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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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 assessment methods of DES and cluster its causes into those passively
caused by looking at displays and actively caused by explicit eyebased 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 interactionrelated 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.
1 https://dl.acm.org/
2 https://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. Although 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) presented or reported on assessment methods for DES (22), (2) identified 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 reported 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 vergenceaccommodation 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 conventional 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 systems (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 assessment was used, divided into objective and
subjective measures. In total they account for 45 of the surveyed 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 accuracy [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 investigated 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 measures 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, subjective 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 symptoms 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 covered 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 Fixation Metrics. 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 Saccade Metrics. 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 saccade 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 prolonged 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 stereoscopic viewing conditions, where vergence and accommodation
responses are decoupled, literature suggests that pupil responses
are increasingly evoked to compensate for a lack of accommodative 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 subjective 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 different 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 looking 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 accommodation 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 nearvision 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 demands 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
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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 increase 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 displays 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 symptoms. 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 behavior [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 assessment methods 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
headache, eye strain, fatigue

none, slight, moderate, severe

[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 [Blignaut 2013]), most gaze interaction techniques we found result in a
combination of both. Furthermore, it is difficult to extract the influence 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, selection, 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 interaction 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 and Hammond 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 eyebased 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 Midas 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 accuracy 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 saccades [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 interaction 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 framework 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 orientation 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 been met), 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. Therefore, 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 and Weber 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 important 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 mechanically change the device in order to provide more than one focal
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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 seethrough HMD based 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 participants 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 discomfort [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 conflicting 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 quality 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 movement [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 categories 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 discomfort 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 compared 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 computer 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 integrate 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. suggested 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 design 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
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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 concise model of causes and symptoms is missing, 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 we make 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 fixation 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 interaction techniques. Therefore, it will be important that the gaze
interaction community actively addresses the development of solutions 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 awareness 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 studies 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 discussed. 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 techniques 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 evaluation 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 internal symptoms while 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 subjective, 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 adaptation methods, 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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