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Abstract

In Virtual Reality (VR), there is an increasing number of applications that rely on human
eye blinks. Blinking induces a phenomenon called change blindness, which prevents
people from perceiving changes in their environment. For example, redirection tech-
niques leverage blink-induced change blindness to manipulate the virtual scene in an
unnoticeable way. As time is mostly limited for manipulations, current approaches that
wait for spontaneous eye blinks are not suitable for redirection techniques. Therefore,
researchers have expressed the need for methods that trigger blinks on demand and in a
controlled manner.

In the present work, various methods to trigger blinking are explored and discussed
for their use in VR. Building on the results of previous research, we selected and im-
plemented four promising methods, which are: light flashes (Flash), a virtual object
approaching the user (Approaching Object), a blurred screen (Blur), and an air puff near
the eye (Airpuff). The methods are based on blink reflexes, such as the dazzle, menace, or
corneal reflex, and are implemented with software and hardware.

We conducted a user study to investigate the performance of the blink triggers and eval-
uated them regarding their effectiveness, efficiency, reliability, noticeability, distraction,
and their impact on the user’s performance in a game task. In general, we found signifi-
cant differences when comparing the blink trigger methods. For example, we discovered
that Approaching Object triggered the blink most efficiently and reliably, whereas Airpuff
was the blink trigger perceived as least distracting. We conclude this work with an
overview of the advantages and disadvantages of each blink trigger method and make
recommendations for suitable application scenarios.
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Chapter 1
Introduction

1.1 Motivation

Humans experience the world through multiple senses. The sensory organs provide
information to our brain that can be processed and interpreted in order to understand
and make sense of the environment around us. Senses like vision, hearing, smell, taste,
and touch contribute to our perception of the world. Similar to perceiving the real world,
Virtual Reality (VR) allows a user to experience and interact with a computer-simulated
environment. The goal is to immerse people in the virtual world, i.e., make people
believe to be physically present in the virtual environment. Therefore, different senses
are stimulated just like in the real world.

The strongest sense is our vision, which is typically experienced through a head-mounted
display (HMD) in VR. People are believed to rely more on vision rather than on any
other sense [4]. Nevertheless, our visual perception is not as good as we might think.
For example, phenomena like change blindness demonstrate the limitations of our visual
awareness. Change blindness can be described as the “inability to detect changes to an
object or scene” [30]. Multiple studies [14, 27, 33] have shown that even large changes
can be introduced into a scene without being noticed by the participants. Change
blindness can occur due to various reasons. Common causes of change blindness include
visual disruptions, such as eye blinks or saccades [30, 33]. Regarding change blindness
experiments, eye blinks have some advantages over saccades: they are longer, easier to
track, and more likely to be correctly classified than saccades [19, 39].

Change blindness is also leveraged in current VR research to modify a scene without
users noticing. Those approaches help to overcome limitations in VR, such as the lack
of haptic feedback and contribute to a higher immersion. For example, it is used for
techniques like haptic remapping [20], hand redirection [39] or redirected walking
(RDW) [19, 23]. RDW is a technique that utilizes scene manipulations to modify the
user’s walking path and thereby allows real walking in VR [19]. Past experiments
on redirection showed that scene rotations during eye blinks are less detectable by
participants, and therefore, algorithms like RDW can be significantly improved [19].



Another study examined the combination of blink-induced change blindness and hand
redirection [39]. Instead of modifying the user’s walking path, hand redirection aims
to alter our virtual hand rendering in order to control our real hand movement. By
offsetting the virtual hand during blink-induced change blindness, the user does not
notice the manipulations, and thereby redirection can be further improved.

Currently, those approaches either instruct the user to blink consciously [19, 39] or
wait for spontaneous eye blinks [23]. However, both methods are not suitable for
use in redirection applications. First, instructing the participant to blink consciously
contradicts the goal of performing manipulations in an unnoticeable manner, and second,
spontaneous eye blinks can’t be predicted and they might not occur within the short
time frame of a redirection. Although blink-based redirection methods sound promising,
they are limited by the drawbacks mentioned above. For this reason, we investigate
methods to trigger eye blinks in VR and gain more control over the blinking behavior of
participants. The goal is to elicit eye blinks on demand, in order to support techniques
that take advantage of blink-induced change blindness.

1.2 Research Questions

The bachelor thesis addresses the following research questions:

* RQ1: Which methods to trigger eye blinks can be used in Virtual Reality?
* RQ2: How do different blink trigger methods compare?

* RQ3: What are the advantages and disadvantages of each blink trigger? Which
trigger is best suited for which use case?

1.3 Research Approach

The first research question (RQ1) aims to explore different methods to trigger blinks in
VR. As a basis, research results from previous experiments are used. Although triggering
eye blinks has not been studied in VR, it has been investigated in other research fields.
For example, medical studies have explored blink reflexes to draw conclusions about
diseases [3, 28]. Different methods were used to trigger the blink reflex, such as shining
a bright light into the eye or touching the cornea. More recent research has focused on
combating symptoms of Computer Vision Syndrome (CVS). CVS causes problems like
dry eyes or headaches when looking at a screen for a long time without blinking. To
reduce these symptoms, researchers used different blink triggers to initiate blinking and
ultimately increase the blink rate [6, 7]. For example, visual blink triggers were displayed
on a screen [6], or mechanical triggers were built and integrated into eyeglasses [7]. In
the conceptual part of the thesis, we evaluate if the existing methods are also suitable for
VR. Some approaches can be well adopted, as they work in both the real and the virtual
world. For example, visual blink triggers can be quickly integrated into VR as they can
be rendered on the display of the HMD. However, VR also offers new ways to trigger
blinking that were previously impossible or difficult to implement in the real world. For
example, the HMD enables depth perception in VR, making effects in three-dimensional
space possible. Therefore, RQ1 is also about developing new ideas.



As mentioned before, different applications in VR depend on blinking. For example, redi-
rection experiments leverage eye blinks to execute redirection manipulations unnoticed.
Depending on the redirection technique, different requirements for blink triggers arise. In
order to narrow down the topic, we have chosen a specific application field for this thesis,
namely hand redirection. In hand redirection techniques, the requirements for the blink
triggers are very strict. In contrast to increasing the blink rate in general, as this was the
case for CVS, we focus on eliciting blinks quickly and with little distraction. Therefore,
we must verify whether the methods from existing research meet the requirements for
hand redirection techniques.

The second research question (RQ2) describes the goal of comparing different blink
triggers with each other. For this purpose, we formulated six hypotheses regarding
effectiveness, efficiency, reliability, noticeability, distraction, and the impact on the user’s
performance in a game task.

First, we implemented the blink trigger methods from the conceptual part of the paper.
For each blink trigger, we tested different parameters in pilot tests, such as the intensity
or duration. We then selected the most promising methods for a subsequent user study
and discarded methods that were not convincing. We conducted the user study with
18 participants. The study was designed similarly to a hand redirection experiment.
Participants were asked to reach for a virtual object while different blink triggers were
presented. During the study, we collected data like the time of eye blinks or the notice-
ability of a blink trigger, which were either recorded automatically by the system or
self-reported by the participants. We then analyzed the results for significant differences
and compared the performance of the blink triggers with each other. We also evaluated
and discussed the results in terms of our hypotheses.

The third research question (RQ3) aims to analyze each blink trigger individually. Based
on the results of the study, the advantages and disadvantages of each blink trigger are
evaluated, and consequences for the use of blink triggers are derived. Furthermore,
regardless of the application field of hand redirection, we outline in which scenarios the
blink triggers are most suitable based on their individual performance. For example,
blink triggers that quickly trigger blinking can be used well in time-critical scenarios and
vice versa. We conclude the paper with our recommendations for application scenarios,
which we have summarized in a decision tree to help future researchers and practitioners
choose suitable blink triggers.

1.4 Outline

Change blindness is relevant for current research on redirection techniques. The related
work in this field will be introduced at the beginning of the second chapter. Subse-
quently, the physiological process of blinking will be discussed and research approaches
that have investigated blink trigger methods in domains other than VR are presented.
In the third chapter, the requirements for blink trigger methods regarding hand redi-
rection techniques are explained and various methods to elicit eye blinks in VR are
proposed. Afterward, the implementation steps of the soft- and hardware-based triggers
are documented in detail. In the fifth chapter, the user study is presented including the
hypotheses, the setup, the design, and the procedure of the study. Furthermore, the
results of the study are discussed. As this thesis represents a first research approach to
triggering blinking in VR, there are many aspects that future work can build on. In the
last chapter, those ideas are explained together with the limitations of this work.



Chapter 2
Related Work

This chapter presents relevant research on triggering eye blinks in VR. First, we intro-
duce the topic of change blindness, a phenomenon leveraged in blink-based redirection
techniques. Therefore, we present existing research on change blindness in the first part
of this chapter and subsequently, we show redirection experiments that use eye blinks to
perform manipulations of the virtual environment. Afterward, we review literature on
the anatomy and physiology of the eye and provide an overview of different types of
blinks. Finally, in the last part of this chapter, we present existing approaches to trigger
eye blinks.

2.1 Change Blindness in Virtual Reality

“Why can people look at but not always see objects that come into their field of view?”
— Rensink, 1997 [27]

In general, people believe to be aware of what is happening in front of them and think to
notice if any major change occurs. However, past research has shown that our perception
of the environment is not as good as we might think. Multiple studies successfully
introduced even large and obvious changes into a scene without being noticed by the
participants. The “inability to detect changes to an object or scene” [30] is called change
blindness. Especially when changes are introduced during visual disruptions, people
often fail to detect them. For example, early research found that changes are rarely
noticed when they occur during a saccade [14]. Saccades are brief eye movements that
occur when we shift our focus from one object to another [35, 37].

While prior experiments used simple visual scenes to apply changes, Grimes [14] investi-
gated this phenomenon by presenting full-color pictures to the participants. Observers
were instructed to view images for a later memory test and press a button if they noticed
a change in the picture. Changes were only introduced during saccadic eye movement.
Results revealed that people very likely failed to detect changes to the scene. Even
significant differences were not perceived, although they were apparent when focusing
on them.



Another approach to change detection was suggested by Rensink et al. [27] to examine
whether change blindness would also occur when the viewer does not move his eyes.
They introduced the flicker paradigm, in which an original image and a modified image
are alternated with a brief blank screen in between (see Figure 2.1). In an experiment, the
images were alternated repeatedly until participants noticed the change. The investiga-
tion revealed that participants took surprisingly long to detect the difference, even when
the change was rather noticeable. The flicker paradigm is closely related to eye blinks, as
they both produce short time frames during which the participant cannot see the image.

Cycle continues for 60 s
or until observer
responds

1000 ms

3000 ms

Figure 2.1: General design of the flicker paradigm (image taken from [27], © 1997
American Psychological Society)

Change blindness is also observed in VR. Since VR is experienced through an HMD, it is
easy to modify the virtual world by changing the scene on the display. However, the user
should not notice the scene changes to maintain a high immersion. Change blindness
can be used to alter virtual environments imperceptibly. Steinicke et al. [33] were one of
the first who researched the influence of stereoscopic vision on change blindness. They
investigated change blindness techniques based on the flicker paradigm and found that
change blindness also occurs in stereoscopic viewing conditions, like VR. The findings of
Steinicke et al. encouraged more research into this topic.

Subsequent studies investigated change blindness to overcome VR limitations, for exam-
ple, the lack of haptic feedback. The problem arises from how we perceive the real world.
In the real world, objects provide sensory information like surface texture. However, in
VR, the sense of touch is missing and consequently, the presence in a virtual environment
is decreased.

One solution to this problem is the use of passive haptics, i.e. “the use of physical props
serving as proxies for virtual objects” [20]. However, with an increasing number of virtual
objects, one would need the same amount of physical props, which is no longer feasible
at some point. Therefore Lohse et al. [20] introduced an approach called Change Blindness
Haptic Remapping (CBHR) that allows the user to obtain haptic feedback from multiple
virtual objects by re-purposing a single physical prop. In a user study, they leveraged
change blindness to realign objects without users noticing. Particularly, the remapping
occurred when the user was not looking at the object, i.e. the object was outside the
user’s field of view. Results revealed that only a few participants detected the remapping
of the objects.



A similar approach was proposed by Suma et al. [34] to solve a different problem in VR:
constrained physical space. In the real world, people can walk around to explore the
environment. In VR, the virtual environment is constrained by the available physical
space. Suma et al. proposed a technique that manipulates the geometry of the virtual
environment by leveraging change blindness. Particularly, they applied manipulations
outside the user’s field of view, similar to the approach of Lohse et al. [20]. In an
experiment, they investigated whether participants would notice the manipulations.
Therefore, they created a virtual environment consisting of multiple rooms connected by
a long hallway. The real space, however, was much smaller. Participants were instructed
to enter a room and turn on a computer monitor on a desk. This task served as a
distraction to unnoticeably change the orientation of the doorways and to realign the
hallway behind the user’s back. In the end, participants were asked to sketch a rough
map of the environment. The drawn sketches were impressively similar to the static
model of the virtual environment. Also, only one participant noticed the manipulation.

Overall, the approaches of Lohse et al. [20] and Suma et al. [34] show how change
blindness can be successfully used in VR applications to overcome limitations of VR and
enhance immersion. However, both approaches require distracting the user to perform
the manipulations unnoticeably. This prevents the user from exploring the environment
freely. An approach that would solve this problem was proposed by Marwecki et al. [22].
They presented a software system called Mise-Unseen, which applied unnoticeable
changes to a virtual scene inside the user’s field of view. Gaze data was used to create
different models of user attention. They showed that when combining those models
with different masking techniques, even changes in plain sight could not be detected by
participants.

Another way to take advantage of change blindness without distracting the user is to
leverage naturally occurring visual disruptions such as eye blinks or saccades. Sun et
al. [35] proposed a technique to redirect the user based on saccades. When a saccade is
detected by gaze-tracking, the virtual camera is reoriented. Thereby the user’s path is
manipulated, simulating larger virtual environments within a smaller physical space
(see Figure 2.2). The authors induced additional saccades by subtle gaze direction to
further improve this approach. They demonstrated the effectiveness of the approach in
simulations and user studies and showed that their technique significantly improves
redirected walking in VR.

Virtual-Path

Physical Path

Figure 2.2: Top view of physical and virtual paths (image taken from [35], © 2018 Sun
and co-authors)



Although discrete manipulations during saccades show great potential, one disadvan-
tage is the high-performance demands on eye trackers, which require an adequately
performing computer system to process, render and display images within a saccade
[19]. Eye blinks are easier to track and can even be tracked with commercial eye trackers
integrated into some HMDs [19, 39]. Also, they are longer than saccades and more likely
to be correctly classified [19, 39]. Langbehn et al. [19] presented a new approach that
leverages change blindness during eye blinks to redirect the user in VR. They performed
two experiments to investigate thresholds for translational and rotational manipula-
tions of the user’s viewpoint. In both experiments, participants were instructed to blink
consciously in order to apply the respective manipulation. Afterward, they asked the
participants to indicate the direction of the manipulation and identified thresholds based
on the findings. They found detection thresholds for rotations of 2-5 degrees and thresh-
olds for translations of 4-9 cm. The results show a promising effect for techniques like
RDW. The authors demonstrated a performance improvement of approximately 50%
when applying those thresholds compared to traditional RDW.

The findings of the experiment already show great potential for redirected walking
scenarios. Detection thresholds could be even higher when

* users are not instructed to blink consciously, e.g., they blink spontaneously or due
to a reflex, and therefore do not expect a change to happen [19], or,

e users are walking during the manipulations instead of standing still, and therefore
additional head rotations and swaying impede the change detection [23].

Nguyen and Kunz [23] introduced a technique that considered those contributing factors.
They performed a user study to derive detection thresholds of blink-induced scene
rotations. Since participants should not be aware of applying manipulations, they were
told a cover story. Nguyen and Kunz found that detection thresholds are significantly
higher when a user blinks (9.1 degrees) than when eyes are open (2.4 degrees). Also,
detection thresholds are higher than those found by Langbehn et al. [19], which confirms
the initial hypothesis.

Motivated by the findings of those studies, Zenner et al. [39] investigated the effects of
blink-induced change blindness on another technique called hand redirection. Hand
redirection is related to RDW, but instead of altering the user’s walking path, it redirects
the user’s real hand by manipulating the mapping between the real and the virtual
hand. Zenner et al. proposed a new technique called Blink-Suppressed Hand Redirection
(BSHR), which is an extension of the body warping algorithm of Cheng et al. [5]. BSHR
continuously shifts the hand below detection thresholds and performs an instantaneous
shift when the user blinks (see Figure 2.3). They conducted a user study to obtain
conservative detection thresholds and found that the thresholds of only blink-suppressed
hand redirection are similar to conventional methods. Furthermore, they showed that
instantaneous and continuous shifting could further increase detection thresholds.

The studies mentioned above show the relevance of leveraging change blindness in VR.
Eye blinks promise to be a reliable cause of change blindness and seem more favorable
than saccades. So far, studies that took advantage of blink-induced change blindness
either instructed the user to blink consciously or the eye blink happened naturally, which
are both not very practical. Hence, researchers mentioned the need to find ways to
generate reliable blinks at any time [19, 23]. Therefore, this thesis aims to find reliable
blink triggers that could be implemented in such use cases. Some of them already exist
and will be discussed in the next section.
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Figure 2.3: Blink-Suppressed Hand Redirection (BSHR) (image taken from [39], © 2021
IEEE)

2.2 Eye Blinks

2.21 Eye Anatomy and Physiology

For most people, vision is the dominant information channel. The processing of informa-
tion by different systems is required to create the visual image. The anatomy of the eye
is remarkably complex. The structure of the human eye can be seen in Figure 2.4. The
eye consists of multiple components with different functions split into three different
layers [16]:

¢ External layer: The external layer consists of the cornea and the sclera. The cornea
is a transparent structure responsible for protecting the inside of the eye from
foreign bodies and serves to refract the light that enters the eye. The cornea is
covered by a thin layer called the tear film. It lubricates the eye and provides a
moist environment that prevents it from drying out.

¢ Middle layer: The uveal tract is the middle layer of the eye. It contains the iris,
ciliary body, and choroid and serves the nutrition of the eye.

* Inner layer: The innermost layer is the retina, which consists of photoreceptors
and neural elements. The purpose of the retina is to sense light and create neural
impulses sent to the brain.

vitreous
humor

optic

nerve

retina choroid
Figure 2.4: The structure of the human eye
Dowling and Dowling Jr. [10] describe how the complex process of seeing works: When

we look at an object, the light rays that are reflected from the object enter our eye through
the cornea, a transparent structure that serves as a window. The cornea and lens work



together to bend and focus the light on the photoreceptor cells of the retina. The cornea
is responsible for two-thirds of the focusing power. The goal is to produce a sharp image
on the retina from light rays of different distances. The iris regulates the light entering
the eye by opening or closing. In the darkness, the circular opening (pupil) of the iris
widens; in brightness, the opening becomes smaller. When the light rays hit the retina,
the photoreceptor cells absorb the incident light and convert it into nerve signals. There
are two different types of photoreceptors: rods and cones. With the rods, we perceive the
brightness, and the cones are responsible for sharp and color vision. The nerve signals
are sent to the brain, where the visual image is interpreted eventually.

2.2.2 Blinking

Blinking can be described as the rapid closing and opening movements of the eyelids.
The following muscles mediate eye movements like blinking: the orbicularis oculi, the
levator palpebrae superiors, and the superior tarsal [11].

Eye blinks can be voluntary and involuntary (see Figure 2.5). Contrary to voluntary
blinks performed intentionally, involuntary blinks happen unconsciously and mostly
without being noticed at all [38]. Two types of involuntary blinks can be distinguished:
spontaneous blinks and reflex blinks [1, 11].

Spontaneous blinks are the common form of blinks that account for most of the blinks we
perform [1]. Primarily, they protect our eyes from drying out by lubricating the cornea
[11]. Spontaneous blinking occurs naturally in frequent intervals, which can variate
due to external factors and a person’s mental state [2, 9]. The average person blinks
approximately 15 times per minute, with each blink lasting about 0.3 to 0.4 seconds
[1]. Different studies have shown how various tasks can influence the blink rate. For
example, Doughty [9] showed that during a reading task, the blink rate decreased. A
reduced blink rate was also reported when spending time in front of a computer screen
[12]. However, Dennison et al. [8] reported that the blink rate of participants wearing an
HMD increased with immersion time.

In contrast to spontaneous blinking, reflex blinking is triggered by an external stimulus
and primarily serves the function of protecting our eyes [21]. A blink reflex produces a
rapid and automatic closing of our eyelids without conscious control [21]. Several stimuli
can cause a reflex blink, such as a strong light or a loud sound. Section 2.2.4 provides
a more detailed overview of different reflexes that cause blinking and how they can be
triggered.

Eye Blinks

T

Voluntary Eye Blinks Involuntary Eye Blinks

T~

Spontaneous Eye Blinks Reflex Eye Blinks

Figure 2.5: Types of eye blinks
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2.2.3 Visual Suppression

During blinking, light is prevented from reaching our eyes, “resulting in a disruption
of the image on our retina” [23]. Although blinking causes a short time frame of visual
interruption, our perception of a stable and continuous world is not affected [1, 38].
Moreover, this interruption of vision is rarely noticed in contrast to a similar period
of darkening the entire vision [1]. Those facts contribute to the hypothesis that visual
perception is actively suppressed during blinking. Volkmann et al. [38] investigated the
influence of blinking on our vision by introducing a technique of bypassing the eyelids
when illuminating the retina. A study found that visual sensitivity was significantly
reduced during blinks, starting shortly before the blink and lasting up until 200ms after
the blink. Since the light was not interrupted during blinks, they concluded that an
inhibitory mechanism in the brain suppressed visual perception. As visual suppression
was mainly analysed in voluntary blinks, Manning et al. [21] investigated whether visual
suppression also occurs in reflex blinks. They performed an experiment to measure
visual sensitivity during a voluntary blink and a reflex blink induced by an air puff.
Results indicate no significant difference in the amount of suppression between them.

Overall, eye blinks provide an excellent opportunity to cause change blindness as they
go unnoticed due to visual suppression and occur naturally or can be triggered. In the
following section, various techniques are discussed to elicit eye blinks.

2.2.4 Blink Reflexes

For decades, researchers investigated blink reflexes. Especially in clinical and physio-
logical research, blink reflexes have seen much interest. For example, they have been
triggered to test the functional integrity of afferent and efferent pathways [32]. In case
of dysfunction, an abnormal blink reflex can be observed, which in turn can indicate
degenerative brain disorders, like Alzheimer’s or Parkinson’s disease [3, 28]. We explain
some of the best-known blink reflexes in more detail below.

¢ Corneal Reflex

When a foreign object approaches the eye, it will first come in contact with the
cornea, which belongs to the outer layer of the eye. By stimulating the free nerve
endings in the cornea, tear production is provoked on the one hand, and on the
other hand, a reflex blink is elicited [26]. The blink reflex is a natural reaction to
touching the cornea to protect the eye from a foreign object. For example, a wisp of
cotton can trigger the blink reflex [1]. A stimulation of only one eye will usually
cause both eyelids to close [21]. In a study, Rushworth [28] found a latency between
25 and 40msec. As the nerve density is very high and the cornea is therefore very
sensitive [26], light touches of the cornea are sufficient to trigger the reflex. Several
studies successfully triggered the corneal reflex by an air puff stimulus next to the
eye [7,21, 36].

e Glabellar Reflex

The glabella is a region above our nose and between our eyebrows. When the
glabella is stimulated, for example, by light tapping, a blink reflex is evoked.
Overend [24] first described the reflex in 1896 and called this phenomenon the
glabellar tap sign. There are different ways to stimulate the glabellar reflex. In
a study by Pearce [25], the examiner continuously touched the glabella with the
index finger. In another study by Rushworth [28], the glabellar tap was achieved by
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tapping a circular metal plate placed over the glabella. In this study, the threshold
to elicit the blink was found to be remarkably low, as very light taps on the glabella
were sufficient. The reaction of a healthy person is that a blink follows the first
few taps. After a few times, the participant gets used to the touches and the
blinking stops. However, if the blinking does not stop, this may be an early sign of
Parkinsonism [25].

Dazzle Reflex

The dazzle reflex can be triggered by a bright light directed into the eyes [1, 7,
11, 28]. In everyday life, this can happen, for example, when the sun blinds us.
For some people, this also triggers a sneezing reflex [1]. In an experiment, an
electronic flash was found to be most effective in activating the blink reflex with a
flash duration of only 200 usec [28].

Menace Reflex

The menace reflex is triggered by an unexpected or threatening object rapidly
approaching the user [1, 11]. The menace reflex causes the eyelids to close to
protect the eyes from the object. Other reactions, such as startling or turning
the head away, may also occur. The menace reflex occurs in everyday life, for
example, when a fly or a snowflake approaches our eye. But it can also be triggered
intentionally by moving a hand quickly towards the eye.

Acoustic Reflex

A loud sound can elicit eye blinks [1, 28]. Sdring and Cramon [29] investigated the
acoustic blink reflex in a user study. They used white noise as an auditory stimulus
with a duration of 50ms. They found that the stimulus intensity should be at least
105-110 dB SPL to elicit a blink reliably.

Reflex to electrical muscle stimulation

An electrical stimulus to the supraorbital nerve (SO) can evoke a blink reflex
[28, 36]. Bembenek et al. [3] used this method to investigate whether patients with
Wilson's disease have an abnormal blink reflex.

2.3 Research on Triggering Eye Blinks

Techniques to trigger blinks have also been explored for Computer Vision Syndrome, a
condition caused by looking at computer displays for a very long time [6]. Blinking can
help reduce CVS symptoms, like eyestrain or dry eyes. When spending too much time in
front of a computer, the blink rate is reduced [12]. Nowadays, this problem is increasing
since we spend more time in front of the screen.

To address the issue of CVS, Crnovrsanin et al. [6] developed a prototype system that
triggers eye blinks and increases the blink rate. One of the following stimuli was triggered
at a predefined interval:

* Screen flashing: A white screen appears for a short amount of time. An interval of
15ms was chosen to be short enough to be not intrusive. The color white was found
to be the most effective, but other colors also work.

¢ Screen blurring: The screen gradually blurs, which should resemble the view of
lost focus and thereby evoke a blink by the user to clear the view. The disadvantage
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is that the user has to blink to remove the blur effect and continue to work on the
task.

* Border flashing: The border of the screen flashes until the user blinks.

* Pop-up notification: A pop-up window at the right corner of the screen appears to
remind the user to blink.

While screen blurring and screen flashing could evoke a reflex blink, the other stimuli
only reminded the user to blink. An experiment was conducted to analyze the stimuli in
terms of effectiveness, intrusiveness, satisfaction, response rate, and response time. All
four stimuli successfully increased the blink rate. Screen blurring was rated best in all
categories except for intrusiveness and response time, where pop-up notification was
better. On average, the flash stimulus was rated worst and was often found annoying
by the participants. Additionally, based on the high response time of the flash stimulus,
the authors conclude that it failed to trick the eye. Finally, they mention that a higher
screen size might yield better results. However, the system was only tested on a monitor.
Therefore, it is likely that the stimuli are even more effective in VR, where the screen
almost fills the entire field of view.

A similar approach to trigger blinks was proposed by Dementyev and Holz [7] to help
alleviate symptoms of CVS. Instead of presenting the stimuli on a computer screen, the
authors built wearable prototype devices that track the user’s blink rate and trigger blinks.
The devices are integrated into glasses frames and were designed to be unobtrusive,
small, and lightweight. Therefore they are very suitable to be integrated into an HMD as
well. Additionally, blink detection is already included in some HMDs. The following
actuation modalities were chosen to trigger blinks:

e Flashing a light: An RGB LED light was added to the glasses frame near the eye to
trigger the dazzle reflex. The flash interval was the same as in [6] with an interval
of 15 ms.

Figure 2.6: Glasses with an LED added to the frame (image taken from [7], ©
2017 Dementyev and Holz)
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¢ Physical tapping: Light taps around the eye were produced through a servomotor
to trigger the corneal reflex.

Figure 2.7: Glasses with a servomotor added to the frame to produce taps (image
taken from [7], © 2017 Dementyev and Holz)

e Air Puffs: The corneal reflex is stimulated by blowing a small air puff towards an
area around the eye.

socketl joint

Figure 2.8: Glasses with an air puff construction added to the frame (image
taken from [7], © 2017 Dementyev and Holz)

The authors also built other prototypes that were not suitable for the study, though. For
example, electrical muscle stimulation was found to be uncomfortable and too invasive.
Also, loud sounds could not be integrated well since the user must wear headphones
constantly. However, this approach could work for VR as most VR headsets already have
headphones integrated to perceive the virtual environment acoustically. The authors
conducted a user study to evaluate the effectiveness of their prototypes. Results show
that all three actuation methods slightly increased the blink rate, tap and air puffs even by
approximately 36% compared to no actuation. Also, air puffs showed the lowest average
blink delay after actuation and were most successful in producing blinks. Since the LED
did not perform as well as the other modalities, the authors suggest putting the LED in
front of the eye and making it brighter to be more effective. In HMDs, the LED could
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be replaced by screen flashing. Overall, air puffs received the best results, which is why
they were further investigated in a follow-up study. This time, three different settings
were investigated: location, intensity and duration. The following settings yielded the
best results: “next to the eye, high intensity (24 V), and short duration (75 ms)” [7].

In conclusion, air puffs yielded the best results. With increasing intensity, the blink
amplitude also grows. However, high-intensity air puffs might be perceived as intrusive
by the participants. Hoffman and Stitt [17] found that an additional stimulus, such as
a light flash or a sound at the same time as an air puff, increases the amplitude by a
constant amount. Therefore, lower intensities might be sufficient when simultaneously
presented with other stimuli. In general, combining different stimuli could help further
increase the effectiveness of blink triggers.

The findings of the studies mentioned above provide valuable insights for the research in
this thesis, as they already discussed the advantages and disadvantages of various blink
triggers. In the following chapters, some of those methods will be further examined and
evaluated for VR applications.



Chapter 3
Concept

In this section, we introduce the concept of blink triggers. First, we present the field
of application which we have chosen for this work. The application domain results in
specific requirements for blink triggers, which we will discuss in more detail afterward.
We then propose various methods to trigger blinking in VR and evaluate whether they
meet the requirements. We will also demonstrate the advantages and disadvantages of
each method and explain how the blink triggers could be implemented in VR.

3.1 Field of Application

Blink triggers can be utilized for all applications that require blinking at specific times. In
particular, there are two techniques in VR that leveraged eye blinks successfully: RDW
[19, 23] and hand redirection [39]. Both methods use blinking to manipulate the virtual
scene without being noticed by users. While the goal of RDW is to change the user’s
walking path, the purpose of hand redirection is to control the movement of the user’s
hand while reaching for an object. Both methods have different requirements. However,
the requirements for hand redirection are stricter, especially concerning time. The blink
must be elicited before the user touches the object. Since the object is usually within
close distance, the time to trigger a blink is limited. Consequently, methods used for
hand redirection must work very quickly. We assume that blink triggers that meet the
requirements for hand redirection can also be used for other techniques or applications
in VR with similar or less stringent requirements. Therefore, we decided to specifically
explore blink triggers for hand redirection techniques.

3.2 Blink Trigger Requirements

The following requirements apply to the use of blink triggers in hand redirection tech-
niques:

15
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1. Elicit blinks quickly

Methods used for hand redirection are supposed to elicit eye blinks quickly. The
time between the triggering of the blink stimulus and the closing of the eyelids
should be as short as possible since common reaching times are usually less than
two seconds [13]. In order to perform redirection manipulations successfully,
blinking must be evoked within that time.

2. Work out of the box

Another requirement for blink triggers is to work out of the box, which means
that users should not have to learn when to blink in advance. For example, in
previous experiments, participants were asked to blink whenever a specific visual
signal appeared [6]. However, such methods are not very practical for hand
redirection techniques because time is limited, and participants should not focus
on the occurrence of signals. Therefore, we intend to find approaches that trigger
eye blinks automatically.

3. Work reliably

Blink triggers are also supposed to work reliably, i.e., they should successfully elicit
an eye blink after a triggered stimulus. This is important for blink-based redirection
techniques, as those methods depend on the user’s blink. Without blinking, the
redirection can’t be executed, or the participant may notice the manipulation.
Therefore, the probability that the blink will occur after a blink stimulus should be
as high as possible.

4. Be barely noticeable / distracting

Hand redirection is usually performed without being noticed by participants. Ac-
cordingly, a blink trigger should not be noticed either. So far, this has not been
taken into account in experiments. In previous experiments, participants were
asked to blink consciously [39], or they were visually prompted to blink [6]. We are
therefore looking for blink trigger methods that go unnoticed. For blink triggers
that cannot be executed in an unnoticeable way, the goal is to execute them without
distracting the user.

3.3 Blink Trigger Methods

Based on the related work and our ideas that emerged during the conceptual phase, we
were able to devise different methods for triggering blinking in VR. As already explained
in the previous chapter, there are different types of blinking. A distinction is made
between voluntary blinking, which includes a conscious decision to close the eyes, and
involuntary blinking, which is executed unconsciously (requirement 2 - work out of the
box). Involuntary blinking also includes reflexive eye blinks, usually triggered by an
external stimulus. Blink reflexes elicit blinking rapidly and are faster than spontaneous
blinking [11] (requirement 1 - elicit blinks quickly). Therefore, reflexes are well suited
for redirection experiments, especially hand redirection. In the following, we propose
different blink trigger methods based on the dazzle, menace, corneal, glabellar, and
acoustic reflex.

Eliciting the blink reflex also depends on the setup that is used. HMDs offer a display
that covers almost the entire field of vision. Thereby visual effects that were not possible
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on conventional desktop screens can be applied. In addition, the stereoscopic HMD
creates a perception of depth so that three-dimensional effects can be created via software.
Furthermore, auditory stimuli can be realized through integrated headphones, which are
built into most HMDs. Last but not least, the design of HMDs provides possibilities for
attaching external technical components inside and outside the glasses. Based on these
properties, we distinguish three categories of blink trigger methods: visual, mechanical,
and auditory stimuli. Below, we will briefly describe each blink trigger category and
present corresponding blink trigger methods.

3.3.1 Visual Stimuli

Visual blink triggers are based on an optical stimulus. Crnovrsanin et al. [6] have
already investigated visual stimuli such as the flash or the blur stimulus in a study. The
blink triggers were displayed on an ordinary desktop screen. They assume that the
effectiveness of the blink trigger is higher the more area the screen covers in the user’s
field of view. Therefore, visual blink triggers rendered on the HMD are likely to work
well in VR. Besides the flash and the blur stimuli we also propose a new blink trigger
method based on the menace reflex.

Flash

The flash blink trigger is based on the dazzle reflex, one of the best-known reflexes that
cause blinking. It is triggered by a sudden bright light directed at the eye. It occurs,
for example, when we look at the sun or into a flashlight, as shown in Figure 3.1. A
flash stimulus can be implemented exclusively via software by making the display light
up brightly. Different parameters can be varied to optimize the trigger. According
to related work, a short duration at around 15ms works particularly well [6]. It also
reduces the probability of being noticed by the user. However, the duration is technically
limited by the frame rate. Therefore, the shortest possible duration is a single frame.
Other parameters that can be varied are the color and brightness of the flash. However,
the brightness is also technically limited by the HMD. To compensate for the limited
display brightness, we assume that a bright color like white works best to trigger the
dazzle reflex. An alternative to the software-based method is using an LED, which
could generate a higher brightness. The LED could be mounted next to the eyes inside
the HMD so that it does not interfere with the user’s view. However, Dementyev and
Holz [7] found that the light source should be as central as possible, which contradicts
the goal of being unobtrusive. In a first iteration, we implemented both to find the most
promising approach for triggering blinks in VR.
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Figure 3.1: Sketch of the flash trigger concept
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Blur

The blur stimulus causes our vision to become blurred for a short period of time, illus-
trated in Figure 3.2. A blurry vision is supposed to resemble the view of lost focus or
dry eyes, as seen in patients with CVS. The user consequently blinks to eliminate the
blurred view and regain clear vision. In the real world, it would be difficult to simulate
this effect. In VR, however, the blur stimulus can be generated easily by software. The
HMD amplifies this effect due to the large coverage of the user’s field of view. There
are different types of blur effects, such as gaussian blur, radial blur, or box blur. For this
work, we have chosen the most common blur effect, the gaussian blur, which was also
successfully used in the related work [6]. The blur stimulus can be varied in intensity and
duration. It is important to ensure that the intensity is high enough to trigger blinking
but not too high to be disturbing to users. It is also important to note that a high intensity
should be avoided to prevent symptoms of simulator sickness. Since the blur effect takes
time to be noticed by users [6], we assume that it is not as fast as other blink triggers.
Therefore, similar to the experiment of Crnovrsanin et al. [6], we will not set a time limit
for the blur. The blurred screen only disappears when the user blinks.
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Figure 3.2: Sketch of the blur trigger concept

Approaching Object

This blink trigger is based on the menace reflex, a reflex that is triggered by an object
approaching the user rapidly, as can be seen in Figure 3.3. The user gets the impression
that the object is moving directly toward the eyes, causing the eyelids to close for
protection. This scenario is difficult to replicate for experiments in the real world. We
also did not find any related work on experiments using this method. However, VR
enables us to realize this approach. The HMD offers stereoscopic vision, which leads to
depth perception in virtual space. The optical illusion of a virtual object approaching
the eyes can thus be realized. However, it is important to prevent the user gets startled
and possibly tries to avoid the object by moving his head. Also, requirement 4 (be
barely noticeable) should be considered. To optimize for the requirements, we can adjust
different parameters like the object’s shape, color, size, or material. In addition, we can
vary parameters such as the object’s speed or start position. Since we did not have any
results from previous studies, we experimented with different parameter values to find
suitable settings.
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Figure 3.3: Sketch of the approaching object trigger concept

3.3.2 Mechanical Stimuli

Mechanical blink triggers are based on tactile stimuli. They are more complex to imple-
ment than software-based blink triggers because external components must be integrated
that are not inherently included in the HMD. We will describe three different mechanical
blink stimuli in the following.

Air Puff

The air puff blink trigger is based on the corneal reflex. The corneal reflex describes
closing the eyelids by external stimulation, such as touching the cornea. It serves to
protect the eye from external threats. The reflex is triggered by touching the cornea with
an object or a small puff of air directed at a position near the eye. Using air puffs is
preferable to an object for several reasons. On the one hand, it has already been proven
to work reliably in several studies [7, 21, 36] and thus fulfills requirement 3. On the other
hand, it is less intrusive (requirement 4) and runs less risk of injuring the eye. An air puff
can be produced using a high-pressure micro blower, which allows a precisely controlled
airflow. The micro blower could be either attached to the inside of the HMD or outside
of the HMD using an extension tube that blows the air inside. Different settings of the
air puff can be adjusted to achieve the best possible effect. For example, the intensity,
duration, or position can be set. The air puff should not be directed at the cornea, as
this can cause unpleasant irritation, and the eyes can dry out. We should instead choose
a position that is close enough to the eye but does not directly hit the eye. Dementyev
and Holz [7] investigated the air puff and found that a position next to the eye was most
effective in triggering the blink.

E\ Vit

@ <@>
MWQZTS /
o L

Figure 3.4: Sketch of the air puff trigger concept
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Glabellar Tap

The glabellar reflex is triggered by a tap on the glabella, a region above our nose and
between our eyebrows. It was found that even light touches are sufficient to trigger
blinking [28]. Therefore, the glabellar tap can be used in a way that is barely noticeable to
the participants (requirement 4). As the glabellar tap cannot be implemented exclusively
via software, additional hardware is required that is built into the HMD. However, it is
challenging to integrate the glabellar tap because of the limited space inside the HMD.
Usually, the region above the eyes is covered by the HMD’s face cushion and offers no
space for additional electronics, like a linear motor. Thus, we propose to produce the
stimulus by vibration. Vibration motors do not require much space and can be mounted
into the face cushion of the HMD. As this approach has not been realized before, we
experimented with different setups and parameters. For example, the duration and
intensity of the vibration were varied during our tests. In the best case, blinking is
also triggered with only slight intensity. Since we expected the glabellar tap to be less
noticeable and distracting compared to visual blink triggers, we decided to develop a
prototype.
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Figure 3.5: Sketch of the glabellar tap trigger concept

Electrical Muscle Stimulation

A blink reflex can be evoked by an electrical stimulus to the supraorbital nerve (SO).
This method has already been successfully applied in several medical studies [3, 28, 36].
Dementyev and Holz [7] also attempted to implement this blink trigger. However,
they reported that electrodes were uncomfortable to wear. In addition, this approach
requires a complex setup and increases the amount of preparation needed to perform
the experiment. We decided against using electrical muscle stimulation in this work, as
other blink trigger methods are easier to implement and integrate into a VR setup.

3.3.3 Auditory Stimuli

The acoustic blink reflex can be triggered by an auditory stimulus, like a loud sound,
which we will explain in more detail below.

Loud Sound

A sudden, loud sound can evoke a startle response including the involuntary closure of
the eyelids. It is a reflexive eye blink with a short latency, which was found to be about
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70ms [29]. The sound can be played either via headphones or external speakers. Many
HMDs even have integrated headphones that could play the sound. Various parameters
can be changed to optimize this blink trigger method. For example, the sound sample,
the length of the sample or the volume can be varied.
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Figure 3.6: Sketch of the loud sound trigger concept



Chapter 4
Implementation

This chapter presents the implementation of the blink triggers and explains the problems
encountered during implementation. Before going into the details of each blink trigger
individually, we present the technical setup.

4.1 General Technical Setup

41.1 Hardware

A Windows 10 system equipped with an Nvidia GTX 1070 graphics card was used for
implementation. Regarding the VR system, we have chosen the HTC Vive Pro Eye!
since it has built-in eye tracking at 120Hz with an accuracy of 0.5°-1.1°. Eye tracking
is required to detect the user’s blinks in order to assess the success of the blink trigger
methods. We decided on the WeMos D1 Mini to control the mechanical blink triggers, as
it is easy to use, cheap, available and well-documented. The WeMos D1 Mini, depicted
in Figure 4.1, is based on the ESP8266 microcontroller.

Figure 4.1: Wemos D1 Mini

Thttps://www.vive.com/us/product /vive-pro-eye/specs (last accessed December 1, 2022)
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4.1.2 Software

The Unity Game Engine? at version 2020.3.6f1 was used to implement the blink triggers.
Additionally, we used the following software:

* SteamVR Unity Plugin®: The plugin was used to manage the HTC Vive HMD and
controllers.

* SRanipal SDK (v1.1.0.1)*: The SDK was used to receive the eye tracking data
from the HTC Vive. It offers the two parameters eye openness and pupil diameter.
After some exploration, we found that using the parameter pupil diameter (a value
between 0 and 1) with a threshold of 0.5 to best detect blinks in our setup.

4.2 Implementation of the Blink Triggers

In the following sections, we present the implementation of the six blink trigger methods
that we introduced in the previous chapter. The goal is to derive a set of blink triggers,
which can be used for the following user study. To avoid complicating the study, we set
the parameters of the blink triggers in advance. Therefore, we tested different settings
during implementation in pilot tests and stored the values that worked best and most
reliably for a comparative evaluation.

4.2.1 Flash

The flash blink trigger elicits blinking by a short, bright light. We took two approaches to
generate the light: (1) incorporating an LED into the HMD and (2) creating a flashing
light on the display by software.

LED Flash

A small LED (see Figure 4.2(b)) was controlled using the WeMos D1 Mini to produce
a short flashing light. We attached the LED to two different positions inside the HMD
(see Figure 4.2(a)) to test which position is better for triggering the blink. However, we
could not determine a considerable difference. Therefore, we preferred position (1) as it
is not directly in the user’s field of view and is less annoying. We have also experimented
with different colors. According to previous studies [6, 7], we found that white achieved
the best performance in eliciting the blink. Since the LED is brighter than the HMD'’s
display, the blink might be triggered more reliably. However, a higher intensity is also
more distracting.

2https://unity.com (last accessed December 1, 2022)

Shttps://assetstore.unity.com/packages/tools/integration/steamvr-plugin-32647
(last accessed December 1, 2022)

4https://developer.vive.com/resources/vive-sense/eye-and-facial-tracking-sdk
(last accessed December 1, 2022)
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Figure 4.2: LED light to trigger eye blinks

Display Flash

In the second approach, the display flash, we generated a short white screen on the
display, as can be seen in Figure 4.3. Technically it was implemented by a software
shader in Unity. The shader affects the output of the rendered image as a camera image
effect and sets the pixels to the desired color. As described in the previous section, we
chose white because it is the brightest color. The advantage of this approach is that the
user’s entire field of vision is illuminated. According to the concept, we implemented
the flash to only last a single frame, which is ca. 11ms at 90fps for the HTC Vive Pro Eye.

*white screen*®

i 11ms i t
(1 frame at 90fps)

v

Figure 4.3: Implementation of the flash stimulus in Unity

In our first test runs, both approaches, i.e., the LED and the display flash, were equally
able to trigger the blink. We could not detect any large differences between both methods.
Since the display flash is easier to implement because it does not require additional
hardware, we used a white display flash with a duration of ca. 11ms for the following
user study.
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4.2.2 Blur

This blink trigger is based on the idea of blurring the virtual scene so that users are
forced to blink to regain clear vision. The blur effect is implemented only via software
in Unity. A shader ® implementing the gaussian blur is used to change the pixels in the
rendered image. We have tested different intensities for the blur. At a blur size of about
0.00065, the display became blurry without being too distracting or causing simulator
sickness problems. However, we found the transition between the regular scene and the
blurred scene very disruptive, so we let the blur effect gradually build up until it reached
maximum intensity. We found a duration of 300ms to be suitable for the transition. After
building up, the blur remained at maximum intensity until the user blinked (see Figure
4.4).

The blur effect also imposes some requirements on the scene design. With uniformly
colored surfaces, the blur is hardly visible. Therefore, it is important to include different
lines, patterns, and colors in the design.

How much did you feel ¢
1 2 3

. 300ms . *Blink* K
0%  50% 100% 0%  blurintensity

Figure 4.4: Implementation of the blur stimulus in Unity

4.2.3 Approaching Object

We implemented a virtual object that rapidly approaches the user to trigger blinking. It is
realized by software in Unity and leverages depth perception in VR. After testing different
shapes, colors, sizes, and materials for the object, we found that a black sphere with a
diameter of 5cm achieved the greatest effect while still being perceived as comfortable
and not too disturbing. The starting position of the sphere is at a distance of 3m in front of
the user and 50cm below the head. Once the trigger is started, the sphere moves toward
the camera in 300ms, giving the user the impression that the sphere is approaching
directly toward the eyes. In our initial tests, this caused a blink in almost all cases. In
Unity, the sphere is instantiated as a child object of the camera, so it always moves toward
the user, regardless of the viewing direction. Also, the sphere is always rendered on top
of the scene, even if it is initially behind another object because the desired effect can
only occur if the object is visible the whole time. Figure 4.5 shows the virtual sphere
approaching the camera in Unity.

5blur shader based on https://www.ronja-tutorials.com/post/023-postprocessing-blur
(last accessed December 1, 2022)
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300ms

Figure 4.5: Implementation of the approaching object in Unity

4.2.4 Glabellar Tap

The glabellar tap elicits blinking by touching the region above our nose and between our
eyebrows. As described in the previous chapter, we decided to implement the glabellar
tap with a small vibration motor due to limited space inside the HMD. We used the Seeed
Studio Mini Vibration Motor. As the driver for the motor, we used the Adafruit DRV2605L
Haptic Motor Controller, which was controlled by the Wemos D1 Mini. As depicted in
Figure 4.6, we integrated the vibration motor into the face cushion of the HMD by first
gluing the motor to a small wooden board for stabilization and subsequently attaching
it to a central position of the cushion. Afterward, we tested different parameters for
the vibration. The driver’s manufacturer provides a library with over 120 patterns °,
which differ in intensity, duration, and frequency of the vibration. Overall, we found that
patterns with high intensity and long duration were most successful in eliciting blinks.
Unfortunately, however, blinks occurred only sporadically, and none of the patterns
achieved a reliable performance. Due to the poor outcome of our initial testing, we
decided not to investigate this blink trigger further and not to consider it for the study.

HMD face cushion

coin vibration motor

Figure 4.6: Implementation of the glabellar tap stimulus

®https://github.com/adafruit/Adafruit_DRV2605_Library (last accessed December 1,2022)
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4.2.5 Air Puff

The air puff blink trigger evokes blinking by triggering the corneal reflex. It requires
an external air blower device to be integrated into the HMD. Implementing this blink
trigger was technically the most challenging compared to the other blink trigger methods.
We have therefore built several prototypes. The individual implementation steps are
explained in more detail below.

First Prototype

First, we had to decide on a suitable air blower device. Since Dementyev and Holz [7]
successfully generated the blink by an air puff in a similar study, we decided to use the
same device, namely the Micro Air Blower (MZB1001T02) from Murata. According to
Dementyev and Holz [7], the device generates enough air pressure to trigger the blink.
However, the micro blower cannot be powered by standard direct current but requires a
special circuit, which is illustrated in Figure 4.7 (a). We first rebuilt the assembly on a
breadboard, as shown in Figure 4.7 (b), to detect and fix errors quickly. We then connected
the breadboard to a power source to get steady air pressure from the air blower.

Micro Air Blower

out1 out2

(a) Driver circuit of the micro blower based on the (b) First prototype of the air puff on a breadboard
Murata datasheet 7

Figure 4.7: Circuit and implementation of the first prototype for the air puff

Second Prototype

Next, we further developed the prototype and integrated it into the VR setup. To generate
the maximum air pressure, we took two approaches. First, we connected the air blower
to a silicone tube and attached a 3D-printed nozzle (see Figure 4.8 (b)). The nozzle
compresses the air at the end of the tube and thus generates a higher air pressure. Also,
the air puff can thereby be positioned more accurately. Second, we connected the circuit
to a DC-DC booster to generate a higher voltage out of the applied 12V /2A power supply,

"https://www.mouser.de/datasheet/2/281/murata_10072019_2019_MzZB1001T02_
datasheet-1660169.pdf (last accessed December 1, 2022)


https://www.mouser.de/datasheet/2/281/murata_10072019_2019_MZB1001T02_datasheet-1660169.pdf
https://www.mouser.de/datasheet/2/281/murata_10072019_2019_MZB1001T02_datasheet-1660169.pdf
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as the micro blower can operate up to 24V. However, we found that at about 20V, the
highest air pressure was reached. Therefore, we used this voltage for the following tests.

For the second prototype, we used a soldering board and soldered the components onto
it (see Figure 4.8 (a)). The silicone tube, attached to the air blower at one end, leads under
the face cushion into the HMD with the help of a 3D printed mounting part, depicted in
Figure 4.8 (b). To position the tube even more precisely, we inserted a wire into the tube
so that it could be fixed in any position.

(a) Soldering board for the electronics (b) Integration of the air puff into the HMD

Figure 4.8: Implementation of the second prototype of the air puff

Third Prototype

As described in the previous chapter, the positioning of the air puff is crucial. Following
the results of Dementyev and Holz [7], we directed the air puff to an area lateral to the
eye. We examined the performance of the air puff in a pilot test. However, the blink could
not be triggered reliably. We identified insufficient air pressure as one potential reason.
On the technical side, the micro blower was already set to maximum output using the
DC booster. So we tried to minimize possible component interference. Therefore, we
omitted the silicone tube in a third prototype and installed the air blower device directly
into the HMD. We extended the cables accordingly and used plasticine to fix the micro
blower inside the HMD. This enabled us to manually adjust the position in order to
account for the different head shapes of participants. In the user study, we ensured that
the air puff was positioned individually for each user. We tested the air puff with the
same duration (300ms) used for the approaching object and blur and found that this
duration works well in eliciting blinks. Figure 4.9 shows the final prototype of the air
puff implementation, consisting of the electronic components (a) and the micro blower
built into the HMD (b).
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(a) Electronics for the final air puff prototype (b) Integration of the micro blower into the HMD

Figure 4.9: Implementation of the third prototype of the air puff

4.2.6 Loud Sound

We tried to trigger the acoustic blink reflex with a loud sound. For this, we played
different sound samples over the headphones of the HMD (see Figure 4.10) and tested
different settings regarding the length of the sample and the volume. We found that
white noise and a short sound signal were perceived most intensively. However, in line
with previous research, we also found that the volume had to be very high to elicit an
eye blink [7, 29]. But still with such settings, the implementation in our setup did not
reliably elicit a blink. Thus, this blink trigger violated requirement 3 (work reliably) and
requirement 4 (be barely noticeable and not distracting) and we decided against using it
for this work.

headphones

i HTC Vive Pro Eye

Figure 4.10: Loud sound played over the headphones of the HMD
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4.3 Overview

The following table (see Figure 4.11) gives an overview of the blink trigger methods we
implemented and the parameters that we found to work best. Based on the findings
of previous research and our initial testing, we excluded electrical muscle stimulation,
glabellar tap, and the sound trigger for the study, as they have not achieved sufficient
performance. In the following, we will therefore focus on the blink triggers flash, blur,
approaching object, and air puff. We have published the source code of these blink
triggers in an open-source repository on GitHub 8.

Blink Trigger

Category Description Parameter
(Reflex)
Flash visual stimuli * color: white
h ight ligh
(dazzle reflex) (software) S BB * duration: 1 frame (ca. 11ms)
Blur TS - * intensity: 0.0065 (blur size)
(software) blurry vision

(blur reflex) ¢ duration: 300ms

* shape: sphere

Ic-\)z;)er:tachlng visual stimuli object rapidly : ;izle‘)'r:s:rl:cdkiameter
(menace reflex) SRl ARG R * distance: 3m in front
* duration: 300ms
. o A ity: 2
Airpuff ::ier:;::znlcal air blowing next to . Z’;re:;g 3(())ng
(comEslislien) (hardware) Sz * location: next to the eye

Figure 4.11: Overview of blink trigger methods and their parameters

8https://github.com/Andrezenner/VR-blink-triggers (last accessed December 1, 2022)


https://github.com/AndreZenner/VR-blink-triggers

Chapter 5
User Study

We conducted a user study to assess the performance of the four blink trigger methods
flash, blur, approaching object, and air puff in VR. The study was designed similarly
to a hand redirection experiment where participants are asked to touch virtual objects.
In our study, the virtual objects were four colored cubes that were part of a simple
mini-game that the participants played during the study. While participants reached
for the cubes, either one of the four blink trigger methods was activated or no trigger
was applied, which corresponded to our baseline condition. However, in contrast to an
actual redirection experiment, we did not apply redirection because we only wanted to
investigate the performance of the blink triggers and eliminate other influences on the
results.

In the following sections, the design and procedure of the study are explained in more
detail, and the results and subsequent discussion are presented.

5.1 Participants

For the user study, we recruited N = 18 participants from the Saarland University and
the DFKI (Deutsches Forschungszentrum fiir Kiinstliche Intelligenz). 11 were male, and
7 were female. Their average age was 26.5 (min. 18, max. 40). All participants were
right-handed. 72% of the participants had a background in computer science or media
informatics. The prerequisite for participation in the study was that the participants did
not wear glasses or contact lenses and had no visual impairment (e.g. color blindness).
Two participants stated that they wear glasses from time to time, but they reported
that they could see normal without glasses and could therefore participate in the study
without impairment. We also asked participants how often they use virtual reality. 4
participants stated they had not used virtual reality yet, 4 participants have used it once,
4 participants use it once in a while, 5 participants use it regularly, and 1 participant uses
virtual reality daily.

31
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5.2 Task

Before conducting the study, we tried various approaches to investigate the blink triggers
on participants. We found that participants who focused exclusively on the blink triggers
showed very restricted blink behavior and might have suppressed the blink reflex, in
contrast to participants who did not mentally focus on the triggers. Therefore, we decided
to include a simple mini-game in the study that participants had to focus on.

Before a trial started, participants saw four gray cubes in the middle of the virtual room
and their virtual hand that they could navigate by moving the VR controller. Each of the
trials ran as follows:

STEP 1

At the beginning of a trial, the four cubes appeared
randomly in the colors red, blue, green, and yellow.
After 2 seconds, they turned gray again. It was the
participants’ task to memorize the cubes’ colors.

colors visible for 2 sec.

STEP 2

In the next step, a sphere appeared in front of the
participant at a distance of 30cm, randomly displaying
one of the four colors.

\h

random color appears

STEP 3

The participant then reached into the sphere with the
virtual hand until the virtual hand adopted the color of
the sphere. Then the participant tried to remember
which of the four cubes appeared in this color and

moved the hand toward this cube.
reach for given color

STEP 4

As soon as the participant touched the cube, the

solution appeared - all four cubes reappeared in their

y original color. If the correct cube was touched, the

' . participant would receive a point. The game score was
displayed on a virtual canvas during the study.

display solution

5.3 Setup

The study took place in a lab room at the DFKI. During the experiment, the participant
sat on a chair in the center of the room, as shown in Figure 5.1 (a), and wore an HTC Vive
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Pro Eye HMD. Participants also interacted with an HTC Vive controller to play the game
and answer the questionnaires.

The study was implemented using the Unity game engine ? (v2020.3.6f1) and ran on
a laptop with Windows 10 and an Nvidia GTX 1070 graphics card. Analogous to the
software of the blink triggers, the SRanipal SDK (v1.1.0.1) and the SteamVR Unity plugin
were used. Additionally, we utilized the following software:

* Unity Experiment Framework (UXF) '°: The framework was used to manage the
user study and collect and store all data generated during the study.

* VRQuestionnaireToolkit ': The toolkit was used to conduct questionnaires in VR
and store the results digitally.

In Figure 5.1 (b), the virtual room can be seen from a participant’s point of view. Partici-
pants saw their virtual white hand, which they could navigate using the VR controller,
four colored cubes, and a virtual canvas that displayed instructions. The room was
designed in the style of a factory hall and was kept very neutral and simple overall so
that the participants would not be distracted. Only minor changes were made to the
room to make the blink triggers work as well as possible. For example, the floor was
chosen to have a checkered pattern so that the blur effect would be more visible. Also,
using gray as a color for the walls and the floor helped the flash effect to be more visible
and intense.

questions

virtual hand

target cubes

(a) Experiment room (b) Virtual Environment

Figure 5.1: Experiment room in the real and virtual world

5.4 Procedure

The participant was welcomed to the study and asked to read and sign the Consent Form,
which included information about the study procedure and privacy policy. It was also
confirmed that the current rules regarding Covid-19 were followed.

Afterward, the study procedure was explained and the VR setup was briefly discussed.
Before the start of the study, the eye tracking and the air puff had to be calibrated to

https://unity.com (last accessed December 1, 2022)

Ohttps://github.com/immersivecognition/unity-experiment-framework (last accessed De-
cember 1, 2022)

Hhttps://github.com/MartinFk/VRQuestionnaireToolkit (last accessed December 1, 2022)


https://unity.com
https://github.com/immersivecognition/unity-experiment-framework
https://github.com/MartinFk/VRQuestionnaireToolkit
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account for the different head shapes of the participants. First, the experimenter guided
the participant through the eye tracking calibration setup of the HTC Vive Pro Eye.
The setup was repeated until optimal tracking of blinking could be ensured. After
that, the micro blower was tested by triggering the air puff several times. Based on the
participant’s feedback, the experimenter manually moved the micro blower inside the
HMD until the correct position was reached. Calibration was performed first with eyes
closed and then with eyes open to avoid any injury to the eye. Once everything was set
up correctly, the participant was asked to put on the headphones of the HMD, which
were used to play white noise during the study to prevent the user from hearing the air
puff. Afterward, the participant was given time to familiarize with the game. A total of 5
practicing trials were played in which none of the blink triggers were triggered. Then
the actual experiment started, and the data recording began. The participant completed
140 trials that took place one after the other, i.e. 140 rounds of the game. In each trial, the
participant had to reach the target cubes at a distance of about 40cm, as seen in Figure 5.2.
During the reaching movement, a blink trigger was activated as soon as the participant
had reached 30% of the distance. When the eye tracking detected a blink, the time of the
blink was stored, and the response time was calculated.

eyes  blink
open trigger blink

e® 4 ee

! response !

start of time target cubes
reach ! 9

. . >
0% 30% reaching distance -

Figure 5.2: Concept of the study procedure

As soon as the participant reached the target cubes, two questions appeared on the
virtual canvas:

* “Did you notice any visual or physical stimulus?” - the participant could either
answer with yes or no

* “How much did you feel distracted by a stimulus?” - the participant could answer
a value between 1 (not at all) and 5 (very)

Participants gave the answers verbally to the experimenter, who stored the values in the
system.

After all 140 trials were completed, the participants were asked to fill out three question-
naires in VR. The first questionnaire, the SUS presence questionnaire [31], was used to
measure presence in VR. The second questionnaire, the Simulator Sickness Question-
naire (SSQ) [18] helped to investigate issues regarding simulator sickness. The last
questionnaire was the NASA TLX Questionnaire [15], which indicates the perceived
workload.

Participants were then asked to take off the HMD and fill out a demographic question-
naire on paper. All questionnaires can be found in the Appendix.
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5.5 Design

We opted for a within-subject design for the user study, i.e., each participant tests all
conditions. The conditions (independent variables) of the study correspond to the four
blink trigger methods Flash, Blur, Approaching Object, Airpuff and a Baseline condition. In
the Baseline condition, time was measured analogously to the triggers, but no trigger was
activated.

During our experiment, we measured the following dependent variables :

* response time - the time between triggering a stimulus and capturing an eye blink
(in ms)

* noticeability - participants answered the question “Did you notice any visual or
physical stimulus?” (true or false)

* distraction - participants answered the question “How much did you feel distracted
by a stimulus?” (scale 1-5, 1: not at all, 5: very)

* reaching time - the time it takes participants to reach out their hand and grab a target
40cm away (in ms)

* game result - choice of the correct cube (true or false)

In total, participants completed 140 trials. Each of the blink trigger methods Flash, Blur,
Approaching Object, and Airpuff was activated in 12 random trials, resulting in 48 trials
with a blink trigger. In the remaining 92 trials, no blink trigger was activated, which
was our Baseline condition. By having a high number of Baseline trials and randomizing
the order of trials, we wanted to ensure that there were no learning effects and that
participants did not expect the blink triggers.

Also, it was necessary for the study that participants did not know the aim of the study
so that they would not consciously pay attention to blinking and thereby bias the results.
Instead, participants were told that the experiment aimed to investigate how visual and
physical stimuli affect people while immersed in VR.

5.6 Metrics

To evaluate the performance of the blink triggers, we used the following metrics:

* blink response time (in seconds): average time that elapsed between the start of
the blink trigger and the eye blink

* blink response rate (within average reaching time, 1s, 2s): percentage of trials
in which there was at least one blink within the average reaching time, one second
and two seconds (these are typical time intervals for redirection experiments and
desktop-scale reaching [13])

e trigger distraction: as how annoying the blink trigger was perceived on average
e trigger noticeability: percentage of trials the blink trigger was noticed

e game performance: percentage of correctly selected cubes in the game



36

5.7 Hypotheses

We derived the following hypotheses based on the related work and the findings we
obtained from the initial testing of the blink triggers.

* H1 - Effectiveness: Each blink trigger is able to effectively trigger a blink, in the
sense that it has a shorter blink response time than the Baseline condition.

In a similar, non-VR setting, the effectiveness of the blink triggers blur and flash
was shown by Crnovrsanin et al. [6], as they found a higher blink rate for the
stimulus conditions over the non-stimulus conditions. The effectiveness of the air
puff stimulus has been demonstrated by Dementyev and Holz [7] by showing a
lower response time for the air puff stimulus compared to a baseline condition.

* H2 - Efficiency: Blink triggers differ in their efficiency, which is measured by
comparing the blink response time. We assume the following order, from the lowest
response time (fastest and most efficient blink trigger) to the highest response time
(slowest and least efficient blink trigger): Airpuff < Flash < Approaching Object <
Blur.

Following the results of related work [6, 7], it can be expected that the air puff
stimulus has the lowest response time and thus works the fastest, followed by the
flash and blur stimuli. The high response time for the blur stimulus is partly due
to the time it takes for the blur effect to build up. In addition, it does not trigger
an immediate blink reflex, which is why we expected that the approaching object
stimulus triggers the blink faster.

e H3 - Reliability: Each blink trigger reliably initiates the blink within common
desktop-scale reaching times (average reaching time, 1s or 2s), i.e. the blink response
rate for the blink trigger is higher than for the Baseline condition.

The response rates for the blink triggers air puff, flash, and blur have been inves-
tigated in previous experiments [6, 7]. However, they used different time limits.
E.g., the air puff stimulus had a significantly better response rate than the baseline
condition within a time limit of two seconds [7]. Based on the reported response
times [6, 7], we expect similar results for all blink triggers, even within the average
reaching time.

e H4 - Noticeability: Blink triggers differ in their noticeability, measured by compar-
ing the trigger noticeability. We assume that Blur is least noticeable.

In previous experiments, no results have been published on the noticeability of
blink triggers. We assume that participants might not notice triggers in some trials
because they are short or not strong enough. After some initial tests, the blur trigger
has been found to be least noticeable. Therefore, we assume that it has the lowest
trigger noticeability.

¢ H5 - Distraction: Blink triggers differ in their degree of distraction, measured
by comparing the trigger distraction. We expect the following order, from the
lowest distraction value to the highest distraction value: Blur < Airpuff < Flash <
Approaching Object.

Crnovrsanin et al. [6] investigated obtrusiveness by asking participants to rate the
blink triggers and found that the flash stimulus was more obtrusive than the blur
stimulus. Also, we expected mechanical blink triggers like the air puff to be less
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distracting than visual blink triggers because they do not interfere with the user’s
view. However, as we believe blur to be the least noticeable blink trigger we also
think that it is the least distracting stimulus.

* H6 - Reduced Performance: Blink triggers could have a negative impact on partici-
pants’ game performance. We expected that the game performance of the conditions
with blink triggers is worse than in the Baseline condition.

We expected some blink triggers to distract participants (H5). Therefore, we con-
cluded that participants will concentrate less on the game in these trials and thus
have a worse game score than in trials in which no blink triggers are used.

5.8 Results

We measured the performance of the blink triggers using the following metrics: blink
response time, blink response rate (within average reaching time, 1s, 2s), trigger distraction,
trigger noticeability and game performance. First, we cleaned the collected data by sorting
out trials in which no blinks were detected between two consecutive trials. We then
conducted an analysis of the data and evaluated the questionnaires.

5.8.1 Data Cleaning

In a few trials (70 out of 2520), no blinks were recorded before the next trial started. This
may be due to a lack of blink detection by the eye tracking system. We have therefore
cleaned the data and removed those trials for data analysis.

This concerns 61 out of 1656 Baseline trials (3.68%), 2 out of 216 Approaching Object trials
(0.93%), 2 out of 216 Airpuff trials (0.93%), 2 out of 216 Blur trials (0.93%), 3 out of 216
Flash trials (1.39%). Therefore, we consider 2450 trials in total in the following section.

Sum | Mean | SD Min | Max

(p.p.) | (pp) | (p.p) | (p.p.)

Baseline 61 3.39 | 5.64 0 18
Ap. Object 2 0.11 | 047 0 2
Airpuff 2| 011 032 0 1
Blur 2 0.11 | 047 0 2
Flash 3 0.17 | 0.51 0 2

Table 5.1: Removed trials for each blink trigger (p.p. = per participant)

5.8.2 Data Analysis Procedure

For each of these metrics, we initially performed a Shapiro-Wilk test to test the data
for normality. If the data was not normally distributed, we continued with a non-
parametric test, namely the Friedman test. The Friedman test tests the null hypothesis
that repeated measurements of the same individuals have the same distribution. If
the test found the data to differ significantly across the conditions, we would perform
pairwise Wilcoxon signed-rank post-hoc tests with Bonferroni correction. For all tests,
we apply a significance level of o = 0.05.
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5.8.3 Blink Response Time

We examined the blink response time to investigate how much time elapsed between the
triggering of the blink trigger and the participant blinking. A Shapiro-Wilk test revealed
that normality cannot be assumed for Approaching Object, Airpuff, Blur and Baseline (all p
< 0.05). Therefore, we continued with a Friedman test, which found the blink response time
to differ significantly across the five conditions (df =4, Q = 39.96, p < 0.001). Therefore,
we ran pairwise Wilcoxon tests with Bonferroni-corrected p values (denoted as p’). Figure
5.3 (left) depicts the blink response time of the five conditions with significant differences
indicated, and Figure 5.3 (right) shows the pairwise results of the Wilcoxon tests. The
tests revealed that the blink response time of Approaching Object, Airpuff and Flash differs
significantly from Baseline (M = 2.74s, SD = 1.49s) (all p” < 0.01). Approaching Object (M =
0.67s, SD = 0.58s) was the fastest trigger. It was significantly faster than Blur (M = 2.25s,
SD =1.30s) and Flash (M = 1.56s, SD = 0.68s) (both p” < 0.01). Airpuff (M =1.23s, SD =
1.08s) was also significantly different from Blur (p” = 0.02).

Blink Response Time

Baseline Ap. Object Air Puff ‘ Blur
EX3
%% 1 A 2=4.23
Xk 1 Xk p.
. = . ] Object | P <001
7 —_— r=071
Ye L A 7=4.12
ir g .
25 . pute | P'< :.631 p‘=034
o T M —
E4 [ 7=412 | z-3.04
03— $ # == T Blur | p‘=3.93 | p‘<0.01 | p*=0.02
52— r=069 | r=051
R pi—— 2 f 7=387 | z=359
= = —+ : 5
0 Flash | p’<0.01 | p*<0.01 | p‘=0.60 | p‘=0.12
Baseline Ap.Object  Airpuff Blur Flash r=0.65 r=0.60

Figure 5.3: Results for blink response time: Box plot (left) with brackets indicating
significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of the pairwise Wilcoxon

tests (right) with significant differences between two conditions highlighted in green.

Mean SD Min Max
Baseline 274 149 1.03 6.97
Ap. Object 0.67 058 036 275
Airpuff 1.23 1.08 0.11 4.38
Blur 225 130 094 5.81
Flash 1.56 0.68 0.64 3.26

Table 5.2: Descriptive statistics on blink response time in seconds.
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5.8.4 Blink Response Rate
Blink Response Rate within Average Reaching Time

The blink response rate indicates the percentage of trials in which there was at least one
blink. To determine the blink response rate within the average reaching time, we first
measured the reaching time for each participant. We determined the reaching time by
calculating the interval between initiating the blink trigger and the participant touching
the target. We found an average reaching time across all valid trials of 0.68s (SD = 0.49s, Min
=0.03s, Max = 9.46s). Subsequently, we ran the Shapiro-Wilk test on the blink response rate,
which showed that normality could not be assumed for any of the five conditions (all p <
0.05). Therefore, we continued with the Friedman test, which found the blink response
rate to differ significantly across the five conditions (df =4, Q =45.37, p <0.001). We ran
the pairwise Wilcoxon tests with Bonferroni-corrected p values (denoted as p’). Figure
5.4 (left) depicts the blink response rate of the five conditions with significant differences
indicated, and Figure 5.4 (right) shows the pairwise results of the Wilcoxon tests. The
tests revealed that only the blink response rate of Approaching Object and Airpuff differ
significantly from Baseline (M = 0.02, SD = 0.03) (both p” <= 0.01) within a time window
of 0.68s. Approaching Object (M = 0.79, SD = 0.36) had the highest blink response rate with
an average of 79%. It is significantly higher than the rate of Airpuff (M = 0.39, SD = 0.40),
Blur (M < 0.001, SD = 0.02) and Flash (M = 0.06, SD = 0.12) (all p” <= 0.03). However,
Airpuff also performed well in the short time window with a significantly higher blink
response rate than Blur and Flash (both p” = 0.01).

Blink Response Rate ] ) )
(within 0.68s) Baseline Ap. Object Air Puff Blur
r 2 — 1 A 7=3.50
1 p.
ay . Y - . Object p‘<0.01
100% r b b 1 r=0.58
- ar | 2738 | 27302
80% putt | P=0.01 | p*=0.03
50% r=0.54 r=0.50
° 72=3.62 7=3.30
40% ' Blur p' =0.93 p' <0.01 P' =0.01
! r=0.60 r=0.55
20% . Z=3.56 72=3.24
0% i ? N ! Flash | p‘=3.74 | p‘<0.01 | p‘'=0.01 | p‘=0.78
Baseline Ap.Object Airpuff Blur Flash T =IO

Figure 5.4: Results for blink response rate (within average reaching time): Box plot (left)
with brackets indicating significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of
the pairwise Wilcoxon tests (right) with significant differences between two conditions
highlighted in green.

Mean SD Min Max

Baseline 002 003 00 0.09
Ap. Object 079 036 0.0 1.00
Airpuff 039 040 00 1.00
Blur 000 002 00 008
Flash 006 012 00 042

Table 5.3: Descriptive statistics on blink response rate (within average reaching time).
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Blink Response Rate within One Second

Next, we calculated the blink response rate within a time window of one second. The
Shapiro-Wilk test revealed that normality could not be assumed for Approaching Object,
Blur, Flash and Baseline (all p < 0.05). Hence, we continued with the Friedman test, which
found the blink response rate to differ significantly across the five conditions (df =4, Q =
33.89, p < 0.001) and ran the pairwise Wilcoxon tests with Bonferroni-corrected p values.
Figure 5.5 (left) depicts the blink response rate of the five conditions with significant
differences indicated, and Figure 5.5 (right) shows the pairwise results of the Wilcoxon
tests.

Within a time window of one second, Approaching Object and Airpuff remain the only
blink triggers that differ significantly from Baseline (M = 0.13, SD = 0.12) (both p” <= 0.01).
The blink response rate of Approaching Object (M = 0.84, SD = 0.29) increased to 84%, which
is significantly higher than the rate of Airpuff (M = 0.52, SD = 0.35), Blur (M =0.18, SD =
0.19) and Flash (M = 0.31, SD = 0.29) (all p’ <= 0.04). Finally, the probability of Airpuff to
trigger blinks within one second after triggering is significantly higher than for Blur (p’ =
0.02).

Bl’nk R(ews,fglgrl’je Rafe Baseline Ap. Object ’ Air Puff ‘ Blur
- A Z=412
. *k ' p-
Fx3 - * * . Object p‘<0.01
? 1 ! r=0.68

100%———
Air Z=3.21 Z2=2.89
80% | p*=0.01 | p'=0.04

— r=0.53 r=0.48
60%

7=352 | z=3.16
40% ? | | Bwr | p‘=3.63 | p‘<0.01 | p*=0.02
T r=058 | r=053
20% I B 2=3.42
0% l:‘ 1 | Flash | p‘=0.34 | p‘<0.01 | p‘=0.19 | p‘=0.99
Baseline Ap.Object  Airpuff Blur Flash r=057

Figure 5.5: Results for blink response rate (within one second): Box plot (left) with
brackets indicating significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of
the pairwise Wilcoxon tests (right) with significant differences between two conditions
highlighted in green.

Mean SD Min Max

Baseline 0.13 0.12 0.00 0.46
Ap. Object 0.84 0.29 0.08 1.00
Airpuff 052 035 0.00 1.00
Blur 0.18 0.19 0.00 0.67
Flash 031 0.29 0.00 1.00

Table 5.4: Descriptive statistics on blink response rate (within one second).
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Blink Response Rate within Two Seconds

Last, we considered the blink response rate within a time window of two seconds. The
Shapiro-Wilk test revealed that normality could not be assumed for Approaching Object,
Airpuff, and Flash (all p < 0.05). The Friedman test, which we subsequently performed,
found the blink response rate to differ significantly across the five conditions (df = 4,
Q =26.73, p < 0.001). Therefore, we ran the pairwise Wilcoxon tests with Bonferroni-
corrected p values. Figure 5.6 (left) depicts the blink response rate of the five conditions
with significant differences indicated, and Figure 5.6 (right) shows the pairwise results of
the Wilcoxon tests. A time window of two seconds shows the blink response rate for all
blink triggers above 66%. Approaching Object (M = 0.94, SD = 0.16) has the highest blink
response rate of 94%. Approaching Object, Airpuff (M = 0.85, SD = 0.20) and Flash (M = 0.83,
SD = 0.24) differ significantly from Baseline (M = 0.59, SD = 0.29) (all p” <= 0.02). Also, for
Approaching Object, the probability of eliciting blinks within two seconds after triggering
is significantly higher than for Blur (M = 0.66, SD = 0.26).

B’ink Rﬁﬁg';ge Rate Baseline Ap. Object ’ Air Puff | Blur
X A 2=3.24
T 1 - ‘—
———. -l
pUr==eall EEE RP
Ir 'l 'l
80% — —— puff | P'=0.01 | p‘=0.55
r=0.53
40%— ¥ N 7=2.95
40% Blur | p‘=5.86 | p‘'=0.03 | p‘=0.21
* s r=0.49
20% p— Z2=3.05
* Flash | p‘=0.02 | p‘=0.58 | p‘=9.72 | p‘=11
0% I~ T L I T r=051
Baseline Ap.Object  Airpuff Blur Flash

Figure 5.6: Results for blink response rate (within two seconds): Box plot (left) with
brackets indicating significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of
the pairwise Wilcoxon tests (right) with significant differences between two conditions
highlighted in green.

Mean SD Min Max

Baseline 059 029 0.00 1.0
Ap. Object 094 0.16 0.33 1.0
Airpuff 0.85 0.20 0.27 1.0
Blur 0.66 0.26 0.17 1.0
Flash 0.83 024 0.08 1.0

Table 5.5: Descriptive statistics on blink response rate (within two seconds).
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5.8.5 Trigger Distraction

We examined the trigger distraction to investigate how much users felt distracted by the
blink triggers. A Shapiro-Wilk test revealed that normality could not be assumed for
Flash and Baseline (both p < 0.05). Therefore, we continued with a Friedman test run on
all five conditions. A Friedman test found the trigger distraction to differ significantly

across the five conditions (df =4, Q = 50.33, p < 0.001). Therefore we ran the pairwise
Wilcoxon tests with Bonferroni-corrected p values.

Figure 5.7 (left) depicts the trigger distraction of the five conditions with significant

differences indicated, and Figure 5.7 (right) shows the pairwise results of the Wilcoxon
tests.

The test revealed that Approaching Object had the highest trigger distraction (M = 3.56, SD
=1.08) on average. It differs significantly from Airpuff (M =2.33, SD = 0.74), Blur (M =
2.83, SD =1.02) and Flash (M = 2.57, SD = 0.74) (p" <= 0.02). Baseline (M = 1.00, SD = 0.74)
had a trigger distraction of M = 1.00 with significant differences to all blink triggers (p” <
0.01). No significant differences were observed for the remaining blink triggers.
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Figure 5.7: Results for trigger distraction: Box plot (left) with brackets indicating
significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of the pairwise Wilcoxon
tests (right) with significant differences between two conditions highlighted in green.

Mean SD Min Max

Baseline 1.00 0.01 1.00 1.02
Ap. Object 356 1.08 125 4.83
Airpuff 233 074 1.00 3.75
Blur 283 1.02 1.00 4.83
Flash 257 074 1.67 458

Table 5.6: Descriptive statistics on trigger distraction.
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5.8.6 Trigger Noticeability

The trigger noticeability indicates how many blink triggers were noticed by the participants
on average. A Shapiro-Wilk test revealed that normality cannot be assumed for Airpuff,
Blur, Flash and Baseline (all p < 0.05). Therefore, we continued with a Friedman test run
on all five conditions. A Friedman test found the trigger noticeability to differ significantly
across the five conditions (df =4, Q = 58.33, p < 0.01). Therefore we ran the pairwise
Wilcoxon tests with Bonferroni-corrected p values. The test revealed that there were no
significant differences between the blink triggers. Baseline had a trigger noticeability rate
of M = 0.01% (SD = 0.01) and was significantly different from the blink triggers (all p” <
0.01). In general, Blur was the least noticeable blink trigger with a trigger noticeability rate
of 89% (SD = 0.25). The other blink trigger methods were almost always noticed with
trigger noticeability rates of M = 99% for Flash (SD = 0.09), M = 100% for Airpuff (SD =
0.02) and M = 100% for Approaching Object (SD = 0).
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Figure 5.8: Results for trigger noticeability: Box plot (left) with brackets indicating
significant differences (p” < 0.05 (*); p” < 0.01 (**)) and results of the pairwise Wilcoxon
tests (right) with significant differences between two conditions highlighted in green.

Mean SD Min Max

Baseline 0.01 0.01 0.00 0.04
Ap. Object 1.00 0.00 1.00 1.00
Airpuff 1.00 0.02 092 1.00
Blur 0.89 0.25 0.00 1.00
Flash 099 0.04 083 1.00

Table 5.7: Descriptive statistics on trigger noticeability.
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5.8.7 Game Performance

We investigated the impact of blink triggers on the user’s performance in a game task.
We ran the Shapiro-Wilk test on the game performance, which showed that normality could
not be assumed for any of the five conditions (all p < 0.05). Therefore, we continued with
the Friedman test, which did not find the game performance to differ significantly across
the five conditions (df =4, Q = 2.56, p = 0.69). On average, the correct cube was selected
in 94% of Approaching Object (SD = 0.11) trials, in 96% of Airpuff (SD = 0.07) trials, in 95%
of Blur (SD = 0.06) trials and in 94% of Flash (SD = 0.09) trials. Therefore, game performance
was not significantly different from Baseline (SD = 0.07), which had a rate of 95%.

Mean SD Min Max

Baseline 095 0.07 0.78 1.0
Ap. Object 094 011 0.67 1.0
Airpuff 096 007 0.75 1.0
Blur 095 0.06 0.83 1.0
Flash 094 0.09 0.67 1.0

Table 5.8: Descriptive statistics on game performance.

5.8.8 Questionnaires

We evaluated the SUS presence questionnaire [31], the Simulator Sickness Questionnaire
(55Q) [18], and the NASA TLX Questionnaire [15], which participants had to fill out in
VR. The SUS Count (M = 1.83, SD = 1.98) and the SUS Mean (M = 4.06, SD = 1.47) indicate
that the virtual environment was generally immersive. The SSQ total score of M = 34.91
(SD = 28.74) showed that the participants did not have sickness issues during the study.
Finally, the NASA TLX resulted in a medium mental demand (M = 55.56, SD = 24.67)
and medium temporal demand (M = 37.22, SD = 25.97) and a low physical demand (M =
12.5, SD = 7.72). Participants rated their performance with 82.22 (SD = 10.88) on average,
with a medium effort of 57.22 (SD = 23.09). The frustration that participants perceived
during the study was low (M =18.89, SD =15.77).

Mean SD Min Max

SUS count 1.83 198 0.00 5.00
SUS mean 4.06 147 1.83 6.17
SSQ total score 3491 28.74 0.00 97.24

TLX mental demand 5556 24.67 5 90
TLX physical demand 12.5 7.72 5 35
TLX temporal demand  37.22 2597 5 85

TLX performance 82.22 10.88 65 100
TLX effort 5722  23.09 15 85
TLX frustration 18.89 15.77 5 55

Table 5.9: Results of the SUS presence questionnaire, the Simulator Sickness Question-
naire (55Q), and the NASA TLX Questionnaire.
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5.9 Discussion

In a user study, we investigated the four blink trigger conditions Flash, Blur, Approaching
Object, and Airpuff.

The results have shown that we can find statistically significant differences between the
individual blink triggers. In the following, we will discuss the results regarding our six
hypotheses formulated at the beginning. In addition, we summarize the results for each
blink trigger individually and recommend suitable use cases for each blink trigger.

5.9.1 Hypotheses Evaluation

H1 - Effectiveness:

In the first hypothesis, we expected that blink triggers are effective in triggering blinks,
i.e., have a shorter blink response time than Baseline. We could show H1 for Approaching
Object, Airpuff, and Flash, as they each had a significantly shorter blink response time than
Baseline. Blur on the other hand did not effectively trigger eye blinks as it did not trigger
eye blinks significantly faster than Baseline.

H2 - Efficiency:

The second hypothesis specified the order regarding the efficiency of blink triggers:
(low response time) Airpuff < Flash < Approaching Object < Blur (high response time).

However, we found Approaching Object performed best in triggering eye blinks fast, as
it had the shortest blink response time of only 0.67s. Therefore, it was significantly faster
than Blur and Flash. Airpuff was only slightly slower than Approaching Object in eliciting
eye blinks with a significant difference to Blur.

Our results for Airpuff, Flash, and Blur align with the results found in related work. How-
ever, we did not expect Approaching Object to be the fastest blink trigger in comparison. It
also had the smallest deviation among participants. Therefore, it is the most effective and
efficient blink trigger we tested. Our findings are consistent with our expectations, except
for Approaching Object. H2 is therefore only partly supported. We obtain the following
order, from the lowest blink response time (M = 0.67s) to the highest response time (M =
2.25s): Approaching Object < Airpuff < Flash < Blur.

H3 - Reliability:

In the third hypothesis, we expected that blink triggers have a higher blink response rate
(within average reaching time, 1s and 2s) than Baseline.

Within 0.68s, the average reaching time in our study, we found that Airpuff and Approaching
Object reliably trigger eye blinks. However, Approaching Object did not work for all
participants. We found that it did not reliably trigger blinking in three participants. The
reason for this could not be clarified conclusively, so this should be considered when
using Approaching Object and can be investigated in future work. Blur and Flash did
not reliably trigger blinks within the average reaching time. Therefore, H3 is only partly
supported, and only Approaching Object and Airpuff are recommended for fast hand
redirection, which requires blink triggers to work within average reaching time.
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However, if we consider a larger time window, such as 2 seconds, Flash can also be
recommended. Here, Flash, Approaching Object, and Airpuff triggered blinking in at least
83% of the trials. Blur was not convincing in our tests, as it was not significantly better
than Baseline.

In conclusion, different blink triggers can be considered depending on the time window.
Approaching Object and Airpuff are recommended for short time windows (up to 1 second),
and Flash is also attractive for longer time windows (up to 2 seconds).

H4 - Noticeability:

Furthermore, we also expected that blink triggers differ in their noticeability, with Blur
being the least noticeable blink trigger.

H4 could not be shown because no significant differences were found regarding the
trigger noticeability. Participants almost always noticed the blink triggers. Only Blur was
partially not noticeable for users. Surprisingly, one user did not notice the Blur at all.
Unfortunately, we could not find the reasons for this.

In conclusion, we do not assume that blink triggers can be made completely unnoticeable
for users. Therefore, it is better to focus on making them less distracting.

HS5 - Distraction:

The fifth hypothesis specified the order regarding the distraction of blink triggers:
(low distraction) Blur < Airpuff < Flash < Approaching Object (high distraction)

According to our expectation, we found that Approaching Object was perceived as most
distracting. Airpuff, Flash and Blur had a very similar distraction level to Approaching
Object. However, contrary to our expectation, Blur was considered more distracting than
the other two blink triggers. H5 is therefore only partly supported. Overall, we found
the following order, from the lowest distraction value (M = 2.33 out of 5) to the highest
distraction value (M = 3.56 out of 5): Airpuff < Flash < Blur < Approaching Object.

H6 - Reduced Performance:

In the sixth hypothesis, we expected a reduced game performance in trials with blink
triggers compared to the Baseline trials.

Contrary to our expectations, the blink triggers did not affect participants’ game perfor-
mance. The game results of trials with a blink trigger were almost identical to the trials
of the Baseline condition. The percentages of correctly selected cubes were between 94%
and 96%. H6 is therefore not supported by the results. However, some participants noted
that they had made the game decision (i.e., which cube to select) in advance, i.e., before
the hand started to move and a blink trigger appeared. Therefore, the blink triggers did
not affect their game choice anymore.
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5.9.2 Application Scenarios for the Blink Triggers
In the following, we discuss the advantages and disadvantages of each blink trigger
individually and recommend suitable application fields for each method. We have

illustrated our results in a decision tree (see Figure 5.9), which should help researchers
and practitioners to find blink triggers for their VR applications.

yes B no
fast response required? |—

I low distraction required? I I low distraction required?

yes | no

1 1

| hardware trigger ok? | PEEEEili) ]

menace refiex
es no
yes | no Yy
Airpuff Flash Blur
corneal reflex dazzle reflex blurred vision software

Figure 5.9: Decision tree for choosing a blink trigger

Approaching Object:

We were surprised by the results of Approaching Object. It triggered the blink the fastest in
only 0.67 seconds. Therefore, we can recommend Approaching Object for scenarios where
fast triggering of blinking is essential, such as in hand redirection techniques. Consider-
ing the average reaching time of 0.68 seconds, the blink was triggered therein in 79% of
the trials. The only drawback is the high distraction of Approaching Object. Participants
found Approaching Object to be the most distracting blink trigger. Overall, Approaching
Object can be recommended for scenarios where the blink should be triggered quickly,
and high distraction does not matter. Also, Approaching Object is easy to integrate into
any application because it is a software-based blink trigger without external hardware.

In the future, it can be investigated whether Approaching Object can be made less dis-
tracting. For example, by increasing the transparency, the virtual sphere could look
like a bubble and might be less noticeable. Also, it is likely that the object will be less
distracting to users if it is integrated into the logic and design of the virtual environment.
Depending on the application, different objects are conceivable. For example, in a virtual
video game, a raindrop or a snowflake could fall into the eye of the user, or a fly quickly
approaches the eye.

Airpulff:

The Airpuff scored very well overall in our study. It represents a good compromise
between being fast, reliable, and not distracting for participants. In our study, it triggered
eye blinks in just 1.23 seconds, which is the second-best result. At the same time, it was
the least distracting blink trigger, with a trigger distraction value of 2.33 out of 5. Therefore,
it can be used primarily in scenarios where it is important not to distract users.

Only a few participants did not react to the Airpuff with blinking. To make the Airpuff
even more reliable for all users, different air blowers can be tested to produce a higher
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intensity. To further enhance the Airpuff, it can also be combined with another blink
trigger, such as a sound [17]. This allows blinking to be triggered despite low intensities
of the individual blink triggers.

The disadvantage of the Airpuff is that it requires additional hardware and therefore
represents a higher effort compared to the software-based methods. Also, if users wear
glasses or contact lenses, the Airpuff may not work reliably. Another drawback of the
Airpuff is that the position has to be adjusted manually for each participant. By using an
automated calibration in future studies, inaccuracies, that might occur when calibrating
the device manually, could be avoided. The built-in eye tracking of the HTC Vive Pro
Eye could be used for this.

In summary, we recommend the Airpuff for any use case if additional hardware is not a
problem.

Blur:

The Blur trigger was not convincing in our study. Blinking was triggered faster by the Blur
compared to Baseline, but the difference was not significant. Furthermore, the Blur was
rated the second most distracting blink trigger by participants. However, it is interesting
that the Blur was the only trigger a participant did not notice. We have not been able to
find out the cause of this. One possible explanation is that the participant blinked too
early, so the Blur intensity was not at 100%. However, by investigating the blink response
time this could be ruled out. Another reason might be that the participant perceived the
Blur as motion blur and therefore did not consider it to be a disturbing visual stimulus.
Consequently, it is advisable to investigate how users experience different types of blur
effects, such as motion, box, or radial blur. Furthermore, to make the Blur less annoying,
it could be shown in a more unobtrusive way, e.g. only in certain areas of the display.

Overall, if the Blur could be configured to be less noticeable and more efficient, it can be
recommended especially for VR scenarios, where a low noticeability of blink triggers is
required.

Flash:

Flash effectively triggers the blink and is not very distracting at the same time. However,
it does not achieve results as good as Airpuff. To make the Flash work more reliably, it
is advisable to increase the intensity of the Flash. Since the brightness of the HMD is
limited, using an LED could be reconsidered. Furthermore, to reduce the distraction of
the Flash, the stimulus could also be integrated into the logic of the virtual environment.
For example, in an industrial hall, there may be damaged cables hanging from the roof
and causing short circuits, which can be used to simulate a flash.

The advantage of Flash is that it is a software-based trigger and is easy to implement. In
addition, the parameters of Flash can be changed quickly and easily. For use cases where
a fast integration of the blink trigger is important, and users should not be distracted,
Flash is recommended.



Chapter 6
Conclusion

To conclude this thesis, we summarize the core aspects of the thesis and the findings
obtained in the study. Afterward, the limitations of this work are presented, and an
outlook on future work is given.

6.1 Overview

Motivated by the demand for methods to trigger blinking in VR, this work investigated
different approaches and tested them in a user study. The blink triggers were specifically
studied for use in redirection techniques like Blink-Suppressed Hand Redirection [39].
Therefore, the requirements were to elicit blinks quickly, work out of the box, work
reliably, and be barely noticeable or distracting.

Based on the related work in the fields of medical research and the physiology of eye
blinks, we developed six approaches to trigger blinking in VR, namely a flashing light, a
blurred vision, an approaching object, a tap on the glabella, an air puff next to the eye,
and a loud sound. The blink triggers were based on reflexes like the dazzle, menace,
glabellar, corneal or acoustic reflex. We developed prototypes of each blink trigger and
selected the four most promising methods. Those are (1) Flash, triggering a blink by
a short, white screen, (2) Blur, triggering a blink by a blurred screen, (3) Approaching
Object, triggering a blink by a virtual object rapidly approaching the user and (4) Airpuff,
triggering a blink by an air puff next to the eye. The visual blink triggers Flash, Blur,
and Approaching Object were implemented exclusively via software in Unity. For the
mechanical blink trigger, the Airpuff, a micro blower was built into the HMD.

We examined the performance of the blink trigger methods in a user study. During
the study, different metrics were measured, such as the response time, noticeability,
and distraction of a blink trigger. Based on previous research results, we formulated
hypotheses regarding the effectiveness, efficiency, reliability, noticeability, distraction,
and the impact on game performance of the blink trigger methods. For the most part,
the obtained results confirmed our hypotheses. Nevertheless, we were surprised by
some of the findings. For example, Approaching Object, a blink trigger that has not been
studied before, was able to trigger blinking the fastest in our study. However, it was
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also regarded as the most distracting by participants. We found Airpuff to be the least
distracting blink trigger. In the end, we discussed each blink trigger individually and
provided use case recommendations to help researchers and practitioners to select a
suitable method for their application.

6.2 Limitations

Regarding the limitations of this work, it should be noted that this is the first time that
blinking in VR has been explored. Although it has been studied in other research areas,
such as for combating CVS, it has not been specifically researched for VR. The goal was
to give a first overview of different methods and compare their performance with each
other. For the user study, blink triggers were only informally tested for the best settings,
and parameters were not changed during the study. Therefore, our results are related to
the selected parameters.

Some blink trigger settings were also technically limited. For example, the Flash stimulus
was limited by the display brightness of the HMD and the frame rate. Considering the
results of the study, a brighter flash stimulus might work more reliably. Another example
is the Airpuff, which is limited by the technical properties of the integrated micro blower.
We chose the same device used in the study by Dementyev and Holz [7] and set the
maximum intensity. However, the Airpuff could not always reliably trigger the blink. A
higher intensity might be achieved by using another device.

Another limitation was the number of participants in the study. We conducted the study
with 18 participants. When analyzing the results, we noticed large differences in the data.
For example, one participant did not notice the Blur at all, although the other participants
noticed it in most trials. The reaction to the Airpuff was also very different, as a few
participants barely reacted, while others were obviously startled. Further studies should
be conducted with more participants to find out if these reactions can be found in other
participants as well and to identify correlations.

6.3 Future Work

In the future, promising blink triggers could be investigated in more detail, and different
settings could be tested against each other in a study.

Due to the limitations mentioned above, the Flash could be tested on a brighter display, or
the use of LEDs could be reconsidered. Also, the Flash could be shown only in a specific
area of the screen, or it could be repeated instead of showing it only once. For example,
two flashes could be displayed shortly in a row.

For Blur, it is particularly interesting to find out why one participant did not notice the
Blur and whether this can be reproduced. A possibility is that the participant confused
the blur effect with motion blur. We were unable to verify this in hindsight, but it may be
considered in future studies. Furthermore, other blur effects than gaussian blur could be
tested.

On a positive note, none of the participants experienced problems with simulator sickness.
However, the Blur condition was only repeated 12 times during the study. In future
studies, this should be considered, as simulator sickness could play a greater role,
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especially with higher intensities or longer durations of the blur effect or in scenarios
where a participant is walking instead of sitting.

Approaching Object has worked surprisingly well in our study. Therefore, it is interesting
to research whether there are similar techniques based on depth perception or the menace
reflex. The drawback of Approaching Object is its high distraction. Some parameters,
like the object’s shape or transparency, could be changed to make it less distracting.
Furthermore, it could be tried to display the object only in certain frames or render it
only on one eye. This could make the object less distracting for users.

Last, the performance of Airpuff could be improved in future experiments. As mentioned
above, this blink trigger is limited by the technical properties of the micro blower. Using
a stronger micro blower could result in a more reliable blink trigger. Additionally, the
calibration of the Airpuff could be automated as described in the previous chapter.

Overall, it is interesting to examine the relationship between reliability and distraction
in more detail. So far, we have discovered that a higher reliability usually requires a
higher intensity of the blink trigger, which mostly also results in a higher distraction. The
goal is to find the threshold that provides the best compromise between reliability and
distraction. Low intensities can work, for example, if two blink triggers are combined, as
shown by Hoffmann and Stitt [17]. Triggering a flash or sound stimulus simultaneously
to an air puff could increase the effectiveness even with low-intensity blink triggers.
Nevertheless, if a high intensity is necessary, it could be tried to minimize the distraction
by integrating the blink triggers in a way that they are perceived as part of the scene. For
example, this applies to the sound trigger, which can only trigger the blink reflex at a
high volume [29]. However, if the sound is coherent with the scene, users could perceive
this as less annoying. For example, the sound of an explosion or a gunshot in an action
game could be used.

Future research may also investigate the extent to which eye blink conditioning can be
considered for VR. Conditioning means that a neutral stimulus, such as an auditory or
visual stimulus that does not trigger a blink reflex, is presented together with a blink-
triggering unconditional stimulus, such as the air puff. After a repeated presentation of
the stimuli, blinking occurs even when the neutral stimulus is presented alone. Whether
this makes sense for VR applications also depends on how often the user is shown the
same stimulus. If the same stimulus is used several times, there is also a risk that the
participant will become accustomed to the stimulus and, after a while, will no longer
react with blinking.

Last but not least, blink triggers can be studied in more detail with respect to change
blindness. Future research could investigate whether the blink triggers themselves
produce change blindness. If this is the case, there would be a second possibility to
perform redirection manipulations unnoticed. This is especially conceivable for methods
that occlude the user’s field of view, such as the Flash or Approaching Object.

Ultimately, we recommend testing the blink triggers in actual redirection experiments.
Although we expect the blink triggers to work similarly to our study, this should be
verified in actual use cases.



(1]

(2]

(3]

[7

—_—

[10]

Bibliography

Francis H. Adler, Robert A. Moses, and William M. Hart. 1987. Adler’s physiology of
the eye: Clinical application. Mosby, St. Louis.

Leigh F. Bacher and William P. Smotherman. 2004. Spontaneous eye blinking in
human infants: A review. Developmental Psychobiology 44, 2 (2004), 95-102. DOT :
http://dx.doi.org/10.1002/dev.10162

Jan Bembenek, Karolina Kiryluk, Ewa Inglot, Tomasz Litwin, Lukasz Smolinski,
and Anna Czlonkowska. 2021. Blink refex in newly diagnosed and treated patients
with Wilson’s disease. Journal of Neural Transmission 128 (12 2021). DOI:http:
//dx.doi.org/10.1007/s00702-021-02432-x

Nick Braisby and Angus Gellatly. 2012. Cognitive Psychology. Oxford University
Press.

Lung-Pan Cheng, Eyal Ofek, Christian Holz, Hrvoje Benko, and Andrew D. Wilson.
2017. Sparse Haptic Proxy: Touch Feedback in Virtual Environments Using a
General Passive Prop. In Proceedings of the 2017 CHI Conference on Human Factors in
Computing Systems. ACM, New York, NY, USA, 3718-3728. https://doi.org/
10.1145/3025453.3025753

Tarik Crnovrsanin, Yang Wang, and Kwan-Liu Ma. 2014. Stimulating a Blink: Reduc-
tion of Eye Fatigue with Visual Stimulus. In Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems (CHI '14). ACM, New York, NY, USA, 2055-2064.
DOI:http://dx.doi.org/10.1145/2556288.2557129

Artem Dementyev and Christian Holz. 2017. DualBlink: A Wearable Device to
Continuously Detect, Track, and Actuate Blinking For Alleviating Dry Eyes and
Computer Vision Syndrome. In Proceedings of the ACM on Interactive, Mobile, Wearable
and Ubiquitous Technologies, Vol. 1. ACM, New York, NY, USA. DOI:http://dx.
doi.org/10.1145/3053330

Mark S. Dennison, A. Zachary Wisti, and Michael D’Zmura. 2016. Use of phys-
iological signals to predict cybersickness. Displays 44 (2016), 42-52. DOI:http:
//dx.doi.org/https://doi.org/10.1016/j.displa.2016.07.002

Michael Doughty. 2002. Further Assessment of Gender- and Blink Pattern-Related
Differences in the Spontaneous Eyeblink Activity in Primary Gaze in Young
Adult Humans. Optometry and vision science : official publication of the American
Academy of Optometry 79 (07 2002), 439—47. DOI :http://dx.doi.org/10.1097/
00006324-200207000-00013

John E. Dowling and Joseph L. Dowling Jr. 2016. Vision : How It Works and What Can
Go Wrong. The MIT Press.

52


http://dx.doi.org/10.1002/dev.10162
http://dx.doi.org/10.1007/s00702-021-02432-x
http://dx.doi.org/10.1007/s00702-021-02432-x
https://doi.org/10.1145/3025453.3025753
https://doi.org/10.1145/3025453.3025753
http://dx.doi.org/10.1145/2556288.2557129
http://dx.doi.org/10.1145/3053330
http://dx.doi.org/10.1145/3053330
http://dx.doi.org/https://doi.org/10.1016/j.displa.2016.07.002
http://dx.doi.org/https://doi.org/10.1016/j.displa.2016.07.002
http://dx.doi.org/10.1097/00006324-200207000-00013
http://dx.doi.org/10.1097/00006324-200207000-00013

[11] Janet Fitzakerley. 2015. Eyelid Movements. Online. (2015). https://www.d.umn.
edu/~jfitzake/Lectures/DMED/Vision/Optics/Blinking.html [Last
accessed on February 1, 2021].

[12] Nora Freudenthaler, Hartmut Neuf, Gregor Kadner, and Torsten Schlote. 2003.
Characteristics of spontaneous eyeblink activity during video display terminal use
in healthy volunteers. Graefe’s archive for clinical and experimental ophthalmology 241
(122003),914-20. DOI :http://dx.doi.org/10.1007/s00417-003-0786-6

[13] Eric]. Gonzalez, Parastoo Abtahi, and Sean Follmer. 2020. REACH+: Extending the
Reachability of Encountered-Type Haptics Devices through Dynamic Redirection in
VR. In Proceedings of the 33rd Annual ACM Symposium on User Interface Software and
Technology (UIST "20). Association for Computing Machinery, New York, NY, USA,
236-248. DOI:http://dx.doi.org/10.1145/3379337.3415870

[14] John Grimes. 1996. On the Failure to Detect Changes in Scenes across Saccades. In
Perception, Kathleen Akins (Ed.). Oxford University Press, 89-110.

[15] Sandra G. Hart and Lowell E. Staveland. 1988. Development of NASA-TLX (Task
Load Index): Results of Empirical and Theoretical Research. In Human Mental
Workload, Peter A. Hancock and Najmedin Meshkati (Eds.). Advances in Psy-
chology, Vol. 52. North-Holland, 139-183. DOI:http://dx.doi.org/https:
//doi.org/10.1016/50166-4115(08)62386-9

[16] Steffen Heegaard and Hans Grossniklaus. 2015. Eye Pathology. Springer Berlin,
Heidelberg.

[17] Howard S. Hoffman and Christopher L. Stitt. 1980. Augmentation of the air puff-
elicited eye blink by concurrent visual and acoustic input. Bulletin of the Psycho-
nomic Society 15, 2 (01 Feb 1980), 115-117. DOI:http://dx.doi.org/10.3758/
BF03334483

[18] Robert S. Kennedy, Norman E. Lane, Kevin S. Berbaum, and Michael G. Lilienthal.
1993. Simulator Sickness Questionnaire: An Enhanced Method for Quantifying
Simulator Sickness. The International Journal of Aviation Psychology 3, 3 (1993), 203-220.
DOI:http://dx.doi.org/10.1207/s1532710819ap0303_3

[19] Eike Langbehn, Frank Steinicke, Markus Lappe, Gregory F. Welch, and Gerd Bruder.
2018. In the Blink of an Eye: Leveraging Blink-Induced Suppression for Impercepti-
ble Position and Orientation Redirection in Virtual Reality. ACM Trans. Graph. 37, 4
(July 2018). DOI:http://dx.doi.org/10.1145/3197517.3201335

[20] Andreas Lohse, Christoffer Kjeer, Ervin Hamulic, Ingrid Lima, Tilde Jensen, Luis
Bruni, and Niels Nilsson. 2019. Leveraging Change Blindness for Haptic Remapping
in Virtual Environments. In 2019 IEEE 5th Workshop on Everyday Virtual Reality
(WEVR).1-5. DOI:http://dx.doi.org/10.1109/WEVR.2019.8809587

[21] Karen Manning, Lorrin Riggs, and Julieane Komenda. 1983. Reflex eyeblinks
and visual suppression. Perception & Psychophysics 34 (05 1983), 250-256. DOTI:
http://dx.doi.org/10.3758/BF03202953

[22] Sebastian Marwecki, Andrew D. Wilson, Eyal Ofek, Mar Gonzalez Franco, and
Christian Holz. 2019. Mise-Unseen: Using Eye Tracking to Hide Virtual Reality
Scene Changes in Plain Sight. In Proceedings of the 32nd Annual ACM Symposium on
User Interface Software and Technology (UIST '19). ACM, New York, NY, USA, 777-789.
DOI:http://dx.doi.org/10.1145/3332165.3347919

53


https://www.d.umn.edu/~jfitzake/Lectures/DMED/Vision/Optics/Blinking.html
https://www.d.umn.edu/~jfitzake/Lectures/DMED/Vision/Optics/Blinking.html
http://dx.doi.org/10.1007/s00417-003-0786-6
http://dx.doi.org/10.1145/3379337.3415870
http://dx.doi.org/https://doi.org/10.1016/S0166-4115(08)62386-9
http://dx.doi.org/https://doi.org/10.1016/S0166-4115(08)62386-9
http://dx.doi.org/10.3758/BF03334483
http://dx.doi.org/10.3758/BF03334483
http://dx.doi.org/10.1207/s15327108ijap0303_3
http://dx.doi.org/10.1145/3197517.3201335
http://dx.doi.org/10.1109/WEVR.2019.8809587
http://dx.doi.org/10.3758/BF03202953
http://dx.doi.org/10.1145/3332165.3347919

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Anh Nguyen and Andreas Kunz. 2018. Discrete Scene Rotation during Blinks and Its
Effect on Redirected Walking Algorithms. In Proceedings of the 24th ACM Symposium
on Virtual Reality Software and Technology (VRST '18). ACM, New York, NY, USA.
DOI:http://dx.doi.org/10.1145/3281505.3281515

Walker Overend. 1896. Preliminary Note on a New Cranial Reflex. The Lancet 147
(1896), 619. DOI :http://dx.doi.org/10.1016/50140-6736(01) 93291-X

John Pearce, Hasan Aziz, and J. C. Gallagher. 1968. Primitive reflex activity in
primary and symptomatic Parkinsonism. Journal of Neurology, Neurosurgery &
Psychiatry 31, 5 (1968), 501-508. DOI :http://dx.doi.org/10.1136/jnnp.31.
5.501

Diana C. Peterson and Renee N. Hamel. 2021. Corneal Reflex. Online, (2021).
https://www.ncbi.nlm.nih.gov/books/NBK534247/ [Last accessed on
June 18, 2022].

Ronald A. Rensink, J. Kevin O’Regan, and James J. Clark. 1997. To See or not to
See: The Need for Attention to Perceive Changes in Scenes. Psychological Science 8,
5(1997), 368-373. DOI:http://dx.doi.org/10.1111/5.1467-9280.1997.
tb00427.x

Geoffrey Rushworth. 1962. Observations on Blink Reflexes. Journal of Neurology,
Neurosurgery & Psychiatry 25,2 (May 1962), 93-108. DOI:http://dx.doi.org/
10.1136/jnnp.25.2.93

Wolfgang Saring and Detlev Cramon. 1981. The acoustic blink reflex: Stimulus
dependence, excitability and localizing value. Journal of Neurology 224, 4 (Feb. 1981),
243-252. DOI:http://dx.doi.org/10.1007/b£00313287

Daniel J. Simons and Daniel T. Levin. 1997. Change blindness. Trends in
Cognitive Sciences 1, 7 (1997), 261-267. DOI:http://dx.doi.org/10.1016/
S51364-6613(97)01080-2

Mel Slater, Martin Usoh, and Anthony Steed. 1994. Depth of Presence in Virtual
Environments. Presence 3 (01 1994), 130-144. DOI:http://dx.doi.org/10.
1162/pres.1994.3.2.130

Albertine Eline Smit. 2009. Blinking and the Brain: Pathways and Pathology. Ph.D.
Dissertation. Erasmus University Rotterdam. http://hdl.handle.net/1765/
14477

Frank Steinicke, Gerd Bruder, Klaus Hinrichs, and Pete Willemsen. 2011. Change
Blindness Phenomena for Virtual Reality Display Systems. IEEE Transactions on
Visualization and Computer Graphics 17,9 (2011), 1223-1233. DOI:http://dx.doi.
org/10.1109/TVCG.2011.41

Evan A. Suma, Seth Clark, David Krum, Samantha Finkelstein, Mark Bolas,
and Zachary Warte. 2011. Leveraging change blindness for redirection in vir-
tual environments. In 2011 IEEE Virtual Reality Conference. 159-166. DOI:http:
//dx.doi.org/10.1109/VR.2011.5759455

Qi Sun, Anjul Patney, Li-Yi Wei, Omer Shapira, Jingwan Lu, Paul Asente, Suwen
Zhu, Morgan Mcguire, David Luebke, and Arie Kaufman. 2018. Towards Virtual
Reality Infinite Walking: Dynamic Saccadic Redirection. ACM Trans. Graph. 37, 4,
Arﬁde670u120ﬂﬂ.DOI:http://dx.doi.org/lO.1145/3197517.3201294

54


http://dx.doi.org/10.1145/3281505.3281515
http://dx.doi.org/10.1016/S0140-6736(01)93291-X
http://dx.doi.org/10.1136/jnnp.31.5.501
http://dx.doi.org/10.1136/jnnp.31.5.501
https://www.ncbi.nlm.nih.gov/books/NBK534247/
http://dx.doi.org/10.1111/j.1467-9280.1997.tb00427.x
http://dx.doi.org/10.1111/j.1467-9280.1997.tb00427.x
http://dx.doi.org/10.1136/jnnp.25.2.93
http://dx.doi.org/10.1136/jnnp.25.2.93
http://dx.doi.org/10.1007/bf00313287
http://dx.doi.org/10.1016/S1364-6613(97)01080-2
http://dx.doi.org/10.1016/S1364-6613(97)01080-2
http://dx.doi.org/10.1162/pres.1994.3.2.130
http://dx.doi.org/10.1162/pres.1994.3.2.130
http://hdl.handle.net/1765/14477
http://hdl.handle.net/1765/14477
http://dx.doi.org/10.1109/TVCG.2011.41
http://dx.doi.org/10.1109/TVCG.2011.41
http://dx.doi.org/10.1109/VR.2011.5759455
http://dx.doi.org/10.1109/VR.2011.5759455
http://dx.doi.org/10.1145/3197517.3201294

[36] Frans Vanderwerf, Peter Brassinga, Dik Reits, Majid Aramideh, and Bram Visser.
2003. Eyelid Movements: Behavioral Studies of Blinking in Humans Under Different
Stimulus Conditions. Journal of Neurophysiology 89 (06 2003), 2784-96. DOI :http:
//dx.doi.org/10.1152/3n.00557.2002

[37] Frances C. Volkmann. 1986. Human visual suppression. Vision Research 26, 9
(1986), 1401-1416. DOI:http://dx.doi.org/https://doi.org/10.1016/
0042-6989(86)90164-1

[38] Frances C. Volkmann, Lorrin A. Riggs, and Robert K. Moore. 1980. Eyeblinks and
visual suppression. Science 207, 4433 (1980), 900-902. DOI :http://dx.doi.org/
10.1126/science.7355270

[39] André Zenner, Kora Persephone Regitz, and Antonio Kriiger. 2021. Blink-
Suppressed Hand Redirection. In 2021 IEEE Virtual Reality and 3D User Interfaces
(VR).75-84. DOI:http://dx.doi.org/10.1109/VR50410.2021.00028

55


http://dx.doi.org/10.1152/jn.00557.2002
http://dx.doi.org/10.1152/jn.00557.2002
http://dx.doi.org/https://doi.org/10.1016/0042-6989(86)90164-1
http://dx.doi.org/https://doi.org/10.1016/0042-6989(86)90164-1
http://dx.doi.org/10.1126/science.7355270
http://dx.doi.org/10.1126/science.7355270
http://dx.doi.org/10.1109/VR50410.2021.00028

56

Appendix
Questionnaires

Demographics Questionnaire

Demographics User ID:

Q1: What is your gender?

Male

Female

Other

Prefer not say

O O O O

Q2: What is your age?

Q3: What is your profession or field of studies?

Q4: Please state your visual acuity, i.e., your vision clarity.

o Normal Vision
o Corrected-to-Normal Vision
o Impaired Vision

Q5: Which is your dominant hand?

o Right
o Left
o Ambidextrous

Q6: Please confirm that, to the best of your knowledge, you do NOT have any disorder of
your eyesight (e.g. colorblindness)

o | confirm to have none of these
o |have one of these

Q7: How often do you use Virtual Reality?

1 2 3 4 5

Never Used it once Once in a while Regularly Daily

Q8: Please state any comments you might have.




57

SUS Presence Questionnaire (based on [31])

Instructions: Please answer all 6 questions by clicking a point on the scale that best
represents your experience with the task in the virtual environment (VE).

1. I'had a sense of “being there” in the virtual environment:

Ol=notatall O2 O3 O4 O5 O6 (O7=verymuch

2. There were times during the experience when the virtual environment was the
reality for me...

Ol=atnotime O2 O3 O4 O5 (O6 (O 7=almostall the time

3. The virtual environment seems to me to be more like...
O1l=imageslsaw O2 O3 O4 O5 O6 (O 7=somewherelvisited

4. Thad a stronger sense of...
O1l=beingelsewhere O2 (O3 O4 O5 (O6 (O 7=beinginthe VE

5. Ithink of the virtual environment as a place in a way similar to other places that
I've been today...

Ol=notatall O2 O3 O4 O5 O6 (O 7=verymuchso

6. During the experience I often thought that I was really standing in the virtual
environment...

O1l=notveryoften (O2 (O3 (O4 O5 (O6 (O 7=verymuchso
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Simulator Sickness Questionnaire (SSQ) (based on [18])

Instructions: Select how much each of the following symptoms is affecting you right

now.

10.

11.

12.

13.

14.

15.

16.

. General discomfort

O None (O Slight (O Moderate

Fatique

O None (O Slight (O Moderate
Headache

O None (O Slight (O Moderate
Eye strain

O None (O Slight (O Moderate

Difficulty focusing
O None QO Slight (O Moderate

Salivation increasing
ONone QO Slight (O Moderate

Sweating
O None QO Slight (O Moderate

Nausea
O None (O Slight (O Moderate

Difficulty concentrating
O None (O Slight (O Moderate

Fullness of the Head
O None (O Slight (O Moderate

Blurred vision
O None (O Slight (O Moderate

Dizziness with eyes open
O None (O Slight (O Moderate

Dizziness with eyes closed
O None QO Slight (O Moderate

Vertigo (experienced as loss of orientation with respect to vertical upright)

O None QO Slight (O Moderate

Stomach awareness (feeling of discomfort which is just short of nausea)

ONone QO Slight (O Moderate

Burping
O None QO Slight (O Moderate

(O Severe

(O Severe

O Severe

(O Severe

O Severe

O Severe

O Severe

O Severe

(O Severe

O Severe

(O Severe

O Severe

O Severe

O Severe

O Severe

O Severe
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NASA TLX (based on [15])

Please rate all 6 measures by clicking a point on the scale that best represents your
experience with the task you just completed.

Mental Demand
How mentally demanding was the task?
[ Y Y IO R R N B [ Y T HO R N BN
Low High
Physical Demand
How physically demanding was the task?
[ Y Y I R Y N B [ Y Y B R N Y
Low High

How hurried or rushed was the pace of the task?

| | | | | | | | | | | | | | | | | |

Low High

Performance
How successful were you in accomplishing what you were asked to do?

| | | | | | | | | | | | | | | | | |

Failure Perfect

Effort
How hard did you have to work to accomplish your level of performance?

| | | | | | | | | | | | | | | | | |

Low High

Frustration
How insecure, discouraged, irritated, stressed, and annoyed were you?

| | | | | | | | | | | | | | | | | |

Low High
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