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ABSTRACT

Tactile Rendering of Digital Buttons and Shapes on Touchscreens Using
Novel Surface Haptics Technologies
Bushra Sadia
Doctor of Philosophy in Computational Sciences and Engineering
September 21, 2021

Touchscreens are integrated in every aspect of our daily life as mobile phones, ATMs,
tablets, vending machines, and car navigation systems. These screens provide an
intuitive interface for touch interactions with no or limited haptic feedback. As
a result, eye-free interaction is nearly impossible and users have to rely on visual
and audio feedback to perform a task, which reduces the users’ performance and
experience. However, with the recent advances in surface haptics technologies, it
is now becoming possible to generate complex tactile effects on touchscreens and
enhance the user interactions by displaying more sophisticated haptic feedback.

The overall goal of this thesis is to understand how to render realistic tactile
buttons and shapes on touchscreens using novel surface haptics technologies. In
this regard, the first part of the thesis focuses on creating vibrotactile feedback on
a touchscreen that simulates the feeling of physical buttons using piezo actuators
attached to the screen. For that purpose, we first recorded and analyzed the force,
acceleration, and voltage data from twelve participants interacting with three dif-
ferent physical buttons: latch, toggle, and push buttons. Then, a button-specific
vibrotactile stimulus was generated for each button based on the recorded data. Our
results showed that participants were able to match the three digital buttons with
their physical counterparts with a success rate of 83%. In addition, participants
rated the degree of their subjective feelings using seven adjective pairs for all the
physical and digital buttons investigated in this study. Our results showed that
there exist at least three adjective pairs for which participants have rated two out
of three digital buttons similar to their physical counterparts.

In the second part, we investigated the recognition rate and time of five tactile

shapes (i.e., triangle, square, pentagon, hexagon, and octagon) rendered by electrovi-
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bration on a touchscreen using three different methods and displayed in prototypical
orientations and non-prototypical orientations (i.e., 15 degrees CW and CCW to the
prototypical orientation). The results showed that the correct recognition rate of
the shapes was higher when the haptically active area (area where electrovibration
was on) was larger. However, as the number of edges increased, the recognition
time increased and the recognition rate dropped significantly, arriving to a value
slightly higher than the chance rate of 20% for non-prototypical octagon. Moreover,
the recognition time for inside rendering condition was significantly shorter as com-
pared to edge and outside rendering conditions and edge rendering condition led to
the longest recognition time. Our analyses of exploration strategies revealed that
participants first used global scanning to extract the coarse features of the displayed
shapes, and then they applied local scanning to identify finer details, but needed
another global scan for final confirmation in the case of non-prototypical shapes. We
also observed that it was highly difficult to follow the edges of shapes and recognize
shapes with more than five edges under electrovibration when a single finger was
used for exploration.

The results of these studies show that richer haptic stimuli is necessary for re-
alistic rendering of digital buttons and shapes on touchscreens. For example, lack
of kinesthetic feedback in rendering buttons and displaying haptic feedback in tan-
gential direction only in rendering shapes adversely affected the perception of the
participants in our study. These results are considered as a starting point for the
development of tactile stimuli, haptically improved user interfaces, and touchscreen
applications. These findings can also provide some guidance to haptic interface de-
signers in developing techniques for efficient and effective interaction with graphical

elements on touchscreens.



OZETCE

Yeni Yizey Dokunsal Geribildirim Teknolojilerini Kullanarak
Dokunmatik Ekranlarda Dijital Diigmelerin ve Sekillerin Dokunsal
Olusturulmasi
Bushra Sadia
Hesaplamali Bilimler ve Miithendislik, Doktora
Eylil 21, 2021

Dokunmatik ekranlar, cep telefonlari, ATM’ler, tabletler, otomatlar ve ara¢ navi-
gasyon sistemleri gibi glinliik hayatimizin her alanina entegre edilmistir. Bu ekran-
lar, dokunsal geri bildirim icermeyen veya sinirli dokunsal geri bildirim ile dokun-
matik etkilesimler i¢in sezgisel bir arayiiz saglar. Sonug olarak, goz olmadan etk-
ilesim neredeyse imkansizdir ve kullanicilarin bir gorevi gerceklestirmek icin gorsel ve
sesli geri bildirime giivenmeleri gerekir, bu da kullanicilarin performansini ve deneyi-
mini azaltir. Bununla birlikte, ytlizey haptik teknolojilerindeki son gelismelerle, artik
dokunmatik ekranlarda karmasgik dokunsal efektler olusturmak ve daha sofistike
dokunsal geri bildirim gortintiileyerek kullanici etkilegimlerini geligtirmek miimkiin
hale geliyor.

Bu tezin genel amaci, yeni yiizey haptikleri teknolojileri kullanmilarak dokun-
matik ekranlarda gercekci dokunsal diigmelerin ve gekillerin nasil olugturulacagini
anlamaktir. Bu baglamda, tezin ilk kismi, ekrana bagli piezo aktiiatorleri kulla-
narak fiziksel diigmelerin hissini simiile eden bir dokunmatik ekran iizerinde vibro-
taktil geri bildirim olugturmaya odaklanmaktadir. Bu amacla, 6nce ti¢ farkh fiziksel
diigmeyle etkilegsime giren on iki katilimcinin kuvvet, ivme ve voltaj verilerini kay-
dettik ve analiz ettik: mandal, gecis ve basma diigmeleri. Daha sonra, kaydedilen
verilere dayali olarak her diigme icin diigmeye 0zel bir titregimli uyaran tretildi.
Sonuclarimiz, katihmeilarn ii¢ dijital digmeyi %83’liik bir bagar1 oramyla fizik-
sel benzerleriyle eslestirebildiklerini gosterdi. Ek olarak, katilimcilar bu ¢aligmada
incelenen tiim fiziksel ve dijital diigmeler icin yedi sifat ¢ifti kullanarak 6znel duygu-
larinin derecesini derecelendirdiler. Sonuglarimiz, katihmecilarin ¢ dijital diigmeden

ikisini fiziksel kargiliklarina benzer sekilde derecelendirdigi en az ti¢ sifat ¢ifti oldugunu

vi



gosterdi.

Ikinci boliimde, dokunmatik ekranda elektrovibrasyon kullanarak, {ic farkli dokun-
sal goresellegtirme yontemi ile (ig, dig, kenar) olugturulan ve prototip ve prototip ol-
mayan yonlerde goriintiilenen beg dokunsal seklin (yani tiggen, kare, beggen, altigen
ve sekizgen) tanima oram ve siiresi aragtirildi. Sonuclar, haptik olarak aktif alan
(elektrotitregimin agik oldugu alan) daha biiyiik oldugunda sekillerin dogru tamma
oraninin daha yiiksek oldugunu gosterdi. Bununla birlikte, kenar sayis1 arttikcga,
tanima siiresi artt1 ve tanima orani onemli olciide diigtii, 6rengin prototip olmayan
sekizgen i¢in %20 sans oramindan biraz daha yiiksek bir degere ulasti. Ayrica,
i¢ gorsellestirme kosulu icin tanima siiresi, kenar ve dig gorsellestirme kosullarina
kiyasla onemli olciide daha kisaydi ve kenar gorsellestirme kogulu, en uzun tanima
siiresine yol acti. Dokunsal kesif stratejileri analizlerimiz, katilimcilarin 6nce goriintiilenen
sekillerin kaba ozelliklerini ¢ikarmak icin global taramay1 kullandiklarim1 ve daha
sonra daha ince ayrintilar: belirlemek i¢in yerel tarama uyguladiklarini, ancak pro-
totip olmayan sekiller durumunda nihai onay icin bagka bir global taramaya ihtiyac
duyduklarini ortaya koydu. Kesif igin tek bir parmak kullamildiginda, elektrovi-
brasyon altinda sekillerin kenarlarimi takip etmenin ve besten fazla kenari olan
sekilleri tanimanin oldukca zor oldugunu gozlemledik.

Bu caligmalarin sonuclari, dokunmatik ekranlarda dijital diigmelerin ve sekillerin
gergekci bir gekilde olugturulmasi icin daha zengin dokunsal uyaranlarin gerekli
oldugunu gostermektedir. Ornegin, diigmelerin olusturulmasinda kinestetik geri-
bildirimin olmamasi ve sekillerin olusturulmasinda dokunsal geribildirimin sadece
tegetsel yonde olmasi, ¢aligmamizdaki katilimcilarin algisini olumsuz etkilemistir.
Bu bulgular, dokunmatik ekranlardaki grafik 6gelerle verimli ve etkili dokunsal etk-

ilesim i¢in teknikler geligtirmede dokunsal arayiiz tasarimcilarina rehberlik edebilir.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

Over the last decades, technological advancements have revolutionized the way
we access information and have enabled us to interact with digital objects using
touch. There is already an extensive adoption of touch-input surfaces in our daily
devices, such as in mobile phones, tablets, navigation interfaces in cars, human
machine interfaces in factories, and entertainment systems in homes. It is also
anticipated that many physical surfaces such as refrigerator doors, bathroom mirrors,
tabletops, and home windows will be converted to touch-input surfaces in the future.
Although existing touch-enabled devices provide visual and audio feedback to the
users, tactile feedback is either missing or highly limited, which is essential for
natural and intuitive interaction.

Haptics offers a new form of engagement with such surfaces by presenting com-
pelling touch experiences. The interest in touch surfaces displaying tactile feedback
to the user has risen over the last decade, and a new research field called surface
haptics has emerged. Researchers have presented various ways of rebuilding the feel
of natural sensations and interactions by displaying programmable haptic effects in
the form of vibrations, pulses, and variable friction forces to the fingertips of users.
Surface haptics has many potential and exciting applications in various domains (see
a review of surface haptics in [Basdogan et al., 2020]). In applications targeted to
general users, surface haptics can enrich the user experience by providing additional
sensory feedback through haptic channel (e.g., feeling more frictional resistance while

dragging a larger size folder on a touchscreen). Users can benefit from these sensory
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augmentations especially when they cannot focus their full attention on digital in-
formation displayed through visual channel (e.g., controlling the digital buttons of
a navigation interface with the help of tactile feedback while driving a car). On the
other hand, users with visual impairments can take advantage of surface haptics to
perceive the information provided as visual data such as pictures, diagrams, plots,
charts, graphs, maps, networks, and tables.

The most common actuation methods for displaying tactile feedback on touch
surfaces are vibrotactile, ultrasonic, and electrostatic. In vibrotactile actuation, a
vibration signal at a frequency that is detectable by the fingertip of a user (typically
below 500 Hz) is displayed through a touch surface |Chen et al., 2011} |Choi and
Kuchenbecker, 2012, Kim et al., 2021]. The simplest and most prevalent example
for this technology is the touch surface of a mobile phone, which is typically ac-
tuated by different vibrotactile actuators to create various haptics effects such as
informing the user about the incoming calls and providing conformation for button
clicks. In ultrasonic actuation, the touch surface is vibrated mechanically at an
ultrasonic resonance frequency, which produces a thin layer of air gap between the
user’s finger and the surface [Watanabe and Fukui, 1995, Biet et al., 2007, |Chubb
et al., 2010, Saleem et al., 2018|, resulting in a reduction in sliding friction. In order
to render a desired tactile effect, the vibration amplitude on the touch surface can be
modulated accordingly. Electrostatic actuation also modulates the friction between
the user’s fingertip and a touch surface. Unlike other actuation technologies, there
is no mechanical vibration on a touch surface, but an electrostatic attraction force
is generated between the surface and finger when an AC voltage is applied to the
conductive layer of a capacitive touchscreen. This additional force in the normal
direction increases the frictional force between the finger and the touch surface in
the tangential direction (called as the electrovibration effect), which can be mod-
ulated by altering the amplitude, frequency, and waveform of the applied voltage
[Bau et al., 2010, Vardar et al., 2016, |Emgin et al., 2018].

These actuation methods can display a variety of tactile stimuli to the users
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during their interaction with touch surfaces. For instance, various types of vibration
motors such as eccentric rotating mass, linear resonant actuators, and voice coil

actuators, and piezoelectric actuators are utilized to create tactile feeling of digital

buttons on touchscreens [Nashel and Razzaque, 2003| Brewster et al., 2007, Hoggan|
et al., 2008al [Hoggan et al., 2008b|, Tashiro et al., 2009, [Pakkanen et al., 2010} [Park
et al., 2011} |Chen et al., 2011} Lylykangas et al., 2011, [Kim et al., 2012, Kim and|
Tan, 2014, Wu and Smith, 2015, Ma et al., 2015, [Saleem et al., 2017]. On the

other hand, friction modulation techniques are mostly used to render 2D tactile

graphics and 3D geometrical shapes [Israr et al., 2012, Kim et al., 2013, Mullenbach|
et al., 2014} |Osgouei et al., 2016, |Osgouei et al., 2017, [Bateman et al., 2018 |Klatzky]

et al., 2019, Tomita et al., 2019], realistic virtual textures [Messaoud et al., 2016],
Ilkhani et al., 2017, |Osgouei et al., 2018, |Jiao et al., 2018], virtual edges |[Chubb

et al., 2010], and digital widgets such as virtual knobs [Emgin et al., 2018] on

touchscreens. This thesis focuses on two actuation methods; vibrotactile actuation
using piezoelectric actuators for rendering of digital buttons and electrovibration for

rendering of geometrical shapes on touchscreen.

1.1 Problem Definition and Approach

Touchscreens are an integral part of our mobile phones, tablets, laptops, ATMs,
tabletops, vending machines, electronic kiosks, and car navigation systems. These
interactive screens have replaced the physical controls with the digital ones. These
digital controls are displayed on a smooth touch surface and cannot provide haptic
feedback similar to the conventional physical controls. Users have to rely on their
visual and auditory channels when interacting with these digital controls, which
leads to overburden their visual and auditory channels and their haptic channel
remains under utilized. The most basic interaction method on these touchscreens is
pressing a digital button to perform some specific tasks such as send an email, write

a message, dial a phone number, or type a digital keyword to search the Web. When
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a digital button is activated by pressing on these touchscreens, typically visual (such
as change of appearance, shape, and color) or audio (such as button click sound)
feedback or both are displayed to inform users of their actions. Compared to vision

and sound, haptics has been utilized less as sensory feedback for digital buttons

[Lee and Zhai, 2009]. Also, the lack of sophisticated tactile feedback in these digital

buttons results in a decrease in user experience quality and even task performance

[Banter, 2010, Kaaresoja et al., 2014, Kaaresoja, 2016]. Although researchers have

utilized various electromechanical actuators to create the tactile feeling of digital

buttons on touchscreens [Nashel and Razzaque, 2003|, Brewster et al., 2007, [Hoggan|
et al., 2008a) Hoggan et al., 2008b, [Park et al., 2011} |Pakkanen et al., 2010, |Tashiro|
et al., 2009 |Chen et al., 2011} |Lylykangas et al., 2011} |Kim et al., 2012, |Kim and Tan,|
2014, Wu and Smith, 2015, Ma et al., 2015, |Saleem et al., 2017], they have mainly

focused on displaying “pleasant” button click sensations using vibration cues, but
not the realistic feeling. Therefore, creating vibrotactile stimuli for digital buttons
with distinct features based on the measured data originating from their mechanical
counterparts has not been considered before. Researchers have mainly used this

approach for realistic rendering of viscoelastic materials using a force feedback device

[Hover et al., 2010], realistic rendering of textures by a voice coil actuator [Romano,
and Kuchenbecker, 2012, (Culbertson et al., 2014al |Culbertson et al., 2014b|, and

electrostatic actuation on touchscreens [llkhani et al., 2017, |Osgoueli et al., 2018].

Another interaction method is the exploration of tactile graphics on these touch
surfaces. Users employ some intuitive strategies to explore tactile graphics on touch
surfaces. Not only the users’ exploration strategies, but also tactile data’s complexity
and tactile rendering methods affect the haptic perception of the users. Therefore,
it is critical to understand how users perceive tactile graphics displayed to them on
these touch surfaces and what exploratory procedures are followed to perceive them.
Although, earlier research has investigated this topic for vibrotactile feedback alone
[Toennies et al., 2011, Giudice et al., 2012, Awada et al., 2013, [Palani and Giudice,|
2014, Tennison and Gorlewicz, 2016| [Tekli et al., 2018] and also the combination
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with auditory feedback [Poppinga et al., 2011} |Giudice et al., 2012, Tennison and
Gorlewicz, 2019, |Gorlewicz et al., 2020], to our knowledge, no previous work has
investigated it for electrovibration in depth. In comparison to vibrotactile feedback,
which mainly stimulates the finger in the normal direction, electrovibration modu-
lates the sliding friction between the finger and the touch surface in the tangential
direction. Hence, one can anticipate that haptic exploratory procedures followed
by the users for virtual tactile graphics under electrovibration would be different
from those employed for real tactile graphics and also the virtual ones rendered by
vibrotactile actuators.

The first aim of this thesis is to investigate how to create tactile feedback that
simulates the feelings of physical buttons on a touchscreen. For that purpose, we
focus on three different types of physical buttons to display their digital counterparts
on a touchscreen: Latch Button, Toggle Button, and Push Button. We recorded
force, acceleration, and voltage data for activation state from those buttons while
twelve participants were pressing on them. Our experimental data reveals that
these three buttons have distinct features in terms of (a) the magnitude of normal
force required for activation, (b) the activation state with respect to the instant
of voltage change, and (c) the resulting mechanical vibrations (acceleration) of the
button when pressed. We mapped the recorded acceleration signal of each physical
button to a voltage signal that actuates the piezo patches of an interactive multi-
touch table [Emgin et al., 2018| for displaying their digital counterparts on its touch
surface. We then conducted two experimental studies to investigate how these digital
buttons were perceived by the user. Our first study was a matching experiment,
where twenty participants participated in a three-alternative forced choice (3AFC)
experiment to match the digital buttons with their physical counterparts. Our
second study investigated the perceptual feelings arising from pressing three physical
and digital buttons. A very recent study by |Liu et al., 2018| investigated the
perceptual dimensions associated with manual key clicks. However, it was limited

to only different types of push buttons. In our second experiment, we first collected
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a set of adjectives from the participants that describes their perceptual feelings of
pressing three physical buttons. Then, participants rated the degree of feelings
associated with each adjective for the physical and digital buttons investigated in
this study.

In the second part of the thesis, we conducted experimental studies to investigate
the tactile exploration strategies followed by the users for basic geometrical shapes
displayed by electrovibration on a touchscreen. We first investigated the effects of
(a) number of edges, (b) rendering conditions, and (c) angular orientation on the
recognition rate and time of 2D equilateral tactile shapes to answer the following
research question; How does the size of haptically active area and the complexity of
geometry affect the perception of tactile shapes? Moreover, we evaluated the strate-
gies followed by the participants to explore these shapes by performing spatial and
temporal analyses on the recorded data of finger position to tackle the following
research question; What type of exploratory procedures were followed by the par-
ticipants to perceive tactile shapes? Spatial analysis was performed quantitatively
by using the heat maps generated from participants’ finger positions, and tempo-
ral analysis was performed qualitatively by tagging videos of finger movements via

visual inspection.

1.2 Contribution

In this thesis, we investigated the generation of realistic digital buttons and geomet-
rical shapes on touchscreens using surface haptics technologies. First, we proposed
a data-driven approach that includes the recording of force, acceleration, and acti-
vation state in terms of voltage from three different physical buttons and rendering
them on a vibrotactile display. We evaluated our proposed approach by conducting
user studies with twenty participants. The results showed that participants were
able to relate digital buttons with their physical counterparts with a success rate

of 83%. Moreover, in the perceptual domain, participants were able to match two
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of the three digital buttons with their physical counterparts on at least three ad-
jective pairs. Our findings showed that it is possible to generate realistic button
click sensations on touchscreens by utilizing data-driven approach. Afterward, the
investigation of rendering of geometrical shapes with different number of edges, ren-
dering conditions, and orientation on touchscreens revealed that recognition rate is
inversely proportional, and recognition time is directly proportional to the complex-
ity of the shapes. The size of the haptically active area also affects the perception
of the shapes. The analyses of exploration strategies revealed that participants em-
ployed different strategies to explore prototypical and non-prototypical shapes. For
prototypical shapes, they started with global-scanning to get the overall idea of the
rendered shape, followed by local-scanning to identify the shape by counting the
edges. On the other hand, for non-prototypical shapes, they performed an extra
global-scanning at the end for the final confirmation of their selected choice for the
displayed shape. We also observed that during the exploration of non-prototypical
shapes, participants focused on counting the corners. These findings can provide
some guidance to haptic interface designers in developing techniques for efficient

and effective interaction with tactile graphics displayed by electrovibration.

1.3 Thesis Outline

This thesis is organized into five chapters, including this chapter. In Chapter [2, we
first present the relevant literature related to the rendering of digital buttons on
touchscreen, and then we discuss the literature related to the exploration of tactile
graphics on touch surfaces. Chapter |3 presents the methodology to collect and
process data from different physical buttons and generate their digital counterparts
to render on a touchscreen. The experimental setup used to render these digital
buttons is explained in section followed by the two user studies to evaluate
our approach. Chapter [4] investigates the exploration strategies employed by the

participants to explore tactile graphics on touchscreen under electrovibration. The
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experimental setup used in this study is elaborated in section 4.1, Two experiments
were conducted in this study. The first experiment aims to determine the influence
of the number of edges and rendering conditions on the recognition rate and time,
and the second experiment investigates the effect of angular perturbation on the
recognition rate and time of the tactile shapes displayed by electrovibration on
touchscreen. In the end, the key results of this thesis along with the future directions

are discussed in Chapter [5]
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Chapter 2

BACKGROUND

In this chapter, we first present the related work on rendering of digital buttons
on touchscreens. Afterward, we review the strategies employed by the participants

to explore tactile graphics on touchscreens.

2.1 Rendering of Digital Buttons on Touchscreens

Researchers have utilized various types of electromechanical actuators, such as voice

coils, vibration motors [Fukumoto and Sugimura, 2001} Nashel and Razzaque, 2003|

Brewster et al., 2007, Hoggan et al., 2008al, [Hoggan et al., 2008b, Park et al., 2011]

and piezoelectric actuators [Tashiro et al., 2009, [Pakkanen et al., 2010} (Chen et al.,
2011}, [Lylykangas et al., 2011}, Kim et al., 2012, [Kim and Tan, 2014, [Wu and Smith,|
2015, Ma et al., 2015| |Saleem et al., 2017] to display haptic feedback for interactions

with digital buttons.

[Fukumoto and Sugimura, 2001] utilized a linear resonant actuator to create a

simple click feeling when a user presses a button on a resistive touchscreen. Their

results showed that tactile feedback outperformed aural feedback in a simple calcula-

tion task, especially in noisy situations. [Nashel and Razzaque, 2003] used vibration

motor to add tactile cues to the virtual buttons on touchscreen of mobile devices.
They provided low amplitude vibrations to the users when their finger is on a vir-
tual button. They showed that all users were able to differentiate between vibration

(finger on a virtual button) and no vibration (finger not on a button) regions. [Hog-

gan et al., 2008b] investigated the cross-modal congruency between the visual and

audio/tactile feedback for digital buttons of mobile touchscreens. They used Ec-
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centric Rotating Mass (ERM) and piezoelectric actuators to create four different
vibrotactile stimuli for displaying eight visually different digital buttons in terms of
shape, size, and height. Their study revealed that users could successfully relate
between the visual and audio/tactile properties of buttons. They also compared a
standard touchscreen with the one displaying tactile feedback and concluded that
the addition of tactile feedback significantly reduces the errors in finger-based text
entry [Hoggan et al., 2008a]. |[Koskinen et al., 2008| investigated the characteristics
of digital buttons displayed by piezoelectric actuators and vibration motors (ERM)
on touchscreens to identify the type of tactile click that is perceived as most pleasant
to the finger. They showed that digital buttons with tactile feedback are superior
to the ones without tactile feedback, regardless of the technology used to create
tactile feedback. Their results also showed that piezoelectric actuators created more
pleasant feedback compared with vibration motors.

[Park et al., 2011] focused on displaying tactile feedback on mobile devices when
a digital button is pressed on the screen. They presented seventy-two different
vibrotactile stimuli to the participants by varying amplitude, duration, carrier signal,
envelope function, and type of actuators. These waveforms are analogous to the
typical acceleration profiles that are observed during contacts of a pen/stylus with
a rigid surface [Okamura et al., 2001], which can be modeled using an exponentially
decaying sinusoidal function. They suggested that, for pleasant button clicks, short
rise time as well as short duration are preferable. [Chen et al., 2011] designed and
evaluated a set of simulated key clicks for key-less mobile devices equipped with
piezoelectric actuators. They concluded that key clicks are perceived as “dull” and
“crisp” at the stimulation frequency of 125 Hz and 500 Hz, respectively. [Lylykangas
et al., 2011 investigated the preference in type of tactile feedback displayed by piezo-
actuated digital buttons under different time delays and vibration durations. Their
results showed that, it is possible to create either favorable or significantly less
favorable button click feedback by varying delay and duration parameters within a

relatively short time window. They also concluded that the signal for tactile feedback
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requires careful design and control of the duration parameter. Haptic feedback can
also be displayed during the process of pushing down a button |[Kim and Lee, 2013].
This type of feedback mimics the force-displacement curve of a mechanical button
to further enhance the perceived realism of a digital button.

In 2015, Apple Inc[] introduced Taptic Engine, a tiny motorized actuator that
oscillates back and forth, to simulate the physical click on a non-mechanical home
button of iPhone using pressure sensitive technology [Apple, 2021]. They integrated
capacitive sensors into the backlight of the display. The microscopic changes be-
tween the cover glass and backlight are measured whenever a press is detected. The
detected pressure is then transmitted to the Taptic Engine and haptic feedback is
provided to the user accompanied by an audible tune [Wikipedia, 2021]. The touch-
screen with pressure sensitive layer is, however, removed from the latest iPhones
due to the technical challenges of implementing an edge-to-edge display. Instead of
detecting pressure, tactile feedback is now provided to the users based on how long
they hold their finger on a UI element [Wikipedia, 2021].

A button-like click feeling can also be generated via squeeze film effect [Tashiro
et al., 2009, Monnoyer et al., 2016, Saleem et al., 2017] by varying friction coefficient
between user’s finger and touchscreen. |Tashiro et al., 2009] utilized ultrasonic
vibration to display the feeling of buckling and restitution events of a mechanical
button on a touchscreen. They showed that the perception of button click can be
created by reducing friction coefficient between the user’s finger and touchscreen.
[Monnoyer et al., 2016] showed that key-click feeling can be achieved by sudden
release of stress at the fingertip that is accumulated when the surface friction is
high. [Saleem et al., 2017] reported that the rate of change in normal friction plays
an important role in order to perceive button click sensation on an ultrasonically

actuated touch surface.

Thttps://www.apple.com/
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2.2 Exploration Strategies on Touchscreens

Researchers have already utilized surface haptics technologies to render tactile graph-
ics on touch surfaces [Israr et al., 2012} |Kim et al., 2013} |Gorlewicz et al., 2014, |Mul-
lenbach et al., 2014} |Osgouei et al., 2016] Osgouei et al., 2017, Klatzky et al., 2019].
However, only a few studies investigated the relation between the complexity of
tactile data displayed through a touch surface and haptic perception of the users
[Gorlewicz et al., 2020, Costes et al., 2020]. The results of these studies showed that
the user’s haptic channel and memory should not be overloaded to deliver the desired
information effectively while displaying sufficient amount of details and utilizing an
established rendering methodology are both required to ensure expressiveness and
efficiency. [Gorlewicz et al., 2020] reported that users form a mental image of the
displayed shape in memory during tactile exploration, and successful recognition
depends on effective tactile rendering of vertices, lines, and particular angles of the
shape. They also emphasized the importance of reducing the size of white space in
applications (i.e., haptically inactive area). They recorded the user’s finger position
in exploring bar charts and basic geometric shapes and reported how much time is
spent on different items. They concluded that appropriate tactile design (i.e., type
of shapes and orientations) and suitable rendering approach (e.g., stimulation type,

location, and duration) are essential to create successful surface haptics applications.

2.2.1 Tactile Graphics

Tactile graphics play an essential role in the life of visually impaired and blind people.
For them, it is the means to access visual information for various purposes such as
education, entertainment, and navigation [Wright, 2008, Smith and Smothers, 2012,
Grussenmeyer and Folmer, 2017, Ducasse et al., 2018| |Vinter et al., 2020]. Tactile
graphics is typically displayed in the form of raised surfaces [Kennedy, 1993| Heller:
et al., 2002, Shiose et al., 2008, |Bardot et al., 2017]. It is produced by embossing on

non-refreshable media such as plastic sheets, paper, or heat-sensitive swell paper.
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However, this approach does not support multimodal interaction, and the graphics,
once created, is static and cannot be updated unless completely reproduced. Also,
the production requires special equipment and the process is relatively expensive
and time-consuming. As alternatives, researchers have utilized force and tactile
feedback, and sonification to convey information to blind or visually impaired users
and in situations in which the visual channel is highly loaded or ineffective
2001}, Paneels and Roberts, 2009, O’'Modhrain et al., 2015].

Force feedback devices, coupled with vibratory, verbal, and auditory cues, are

utilized to present graphical information to the users [Petrie et al., 2002, Magnuson|

and Rassmus-Grohn, 2003, |McGookin and Brewster, 2006, |Crossan and Brewster,|
2008, [Yannier et al., 2008]. |Crossan and Brewster, 2008] utilized force feedback

enriched with audio cues to guide the user’s hand in outlining simple geometric

shapes. [Yannier et al., 2008 displayed wind forces through a force feedback device

in connection with surface topography in order to educate students about cause and

effect relations in climate visualization. Readers are referred to [Paneels and Roberts,|

2009| for a detailed review of the approaches implemented by force feedback devices

for haptic data visualization. However, force feedback devices are often expensive,
bulky, and lack portability, which hinder their usage in daily life.

For those reasons, researchers have focused on creating accessible tactile graphics
on touch surfaces such as the touchscreens of mobile devices. The most common
actuation approach in this regard is vibrotactile. Low-cost vibration motors em-
bedded in mobile devices have been frequently utilized for this purpose and several

studies have already reported that this approach is viable in recognizing non-visual

graphics and shapes [Poppinga et al., 2011}, [Toennies et al., 2011} |Giudice et al.|
2012, |Awada et al., 2013, [Palani and Giudice, 2014, Tennison and Gorlewicz, 2016].

However, complex tactile effects cannot be generated by such vibrators since they
have a limited frequency bandwidth. Moreover, they vibrate the whole screen and do

not provide localized tactile feedback. Although there are a few prototypes demon-

Istratin;z multi-touch and localized tactile stimulation [Bai and Tsai. 2011, [Hudin!
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et al., 2015, [Emgin et al., 2018, [Dhiab and Hudin, 2020, Hwang et al., 2021], the

techniques presented in these studies are not straightforward to implement. To over-

come this problem, [Goncu and Marriott, 2011], for instance, proposed a simple but

not practical solution. They attached individual vibrators to the fingers of a user to
display tactile graphics such as charts and maps.

An alternative approach used by the researchers to render tactile graphics on

a touch surface is electrovibration |[Bau et al., 2010]. Researchers have utilized

electrovibration displays to render 2D tactile graphics and 3D geometrical shapes

in the form of height maps [Israr et al., 2012, [Kim et al., 2013, Mullenbach et al.,

2014}, Osgouei et al., 2016| Osgouei et al., 2017, Bateman et al., 2018|, Klatzky et al.

2019, Tomita et al., 2019]. Although these displays offer a rich touch experience,

there has been insufficient research on the haptic exploratory strategies followed by

the users to perceive tactile shapes.

2.2.2 Haptic Exploratory Procedures

In their seminal studies, Lederman and Klatzky [Klatzky et al., 1987, Lederman

and Klatzky, 1993] investigated how specific movements lead to extract particular

features of the object’s weight, texture, hardness, softness, volume, or local shape
features. They classified six haptic exploratory procedures, and among those, they
identified three for shapes and surface details; lateral motion (a repetitive back
and forth movement which is mainly associated with exploring textures), enclosure
(helps to extract the global information about the shape of an object), and contour
following (helps to extract the exact shape of the object).

Compared to the haptic perception of 3D objects, less number of studies have
investigated the exploration strategies for real and virtual tactile shapes and graph-
ics in 2D [Rovira et al., 2011, Vinter et al., 2012, Bara, 2014, Guerreiro et al.,
2015|, [Tennison and Gorlewicz, 2016, Bardot et al., 2017}, [Tekli et al., 2018|, |Bahrin|

et al., 2019, Vinter et al., 2020]. [Rovira et al., 2011] conducted a study with 2D

geometrical shapes (simple and composite) in the form of raised patterns to inves-
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tigate the haptic exploratory procedures by comparing the performances of blind
and sighted adolescents in two experiments on mental rotation (similarity judgment
and recognition). They reported that blind adolescents outperformed the sighted
ones in simple shapes and preferred bi-manual and multi-finger exploration. On
the other hand, sighted participants explored the tactile shapes using the contour
following procedure with one hand only. [Vinter et al., 2012] compared the type
of exploratory procedures employed by three groups of children (blind, children
with low vision, and blindfolded sighted) while exploring 2D tactile patterns. Their
findings suggested that children with a visual handicap employed bimanual explo-
ration with a greater number of different procedures as compared to their sighted
counterparts. They employed strategies like contour following (dynamic edge follow-
ing using finger movements) and surface sweeping (dynamic and usually repetitive
movement of one or more fingers or of the palm over the model’s surface) to ex-
tract the information of the pattern as a whole and strategies like pinch (holding
edges in a pincer grip between the thumb and one or more other finger) and local
enclosure (dynamic molding of the fingers to parts of the pattern) to get the in-
formation about the local features. [Bara, 2014] conducted a study with visually
impaired children to determine how the tactile pictures were explored during joint
book reading. Their findings suggested that participants preferred the lateral mo-
tion to recognize the shapes in the pictures, and contour following was preferred
when finding the pictures’ meaning. |[Bardot et al., 2017| investigated the role of
each hand during the exploration of different raised-lines graphics (drawing, maps,
and graphs) by sighted blind-folded and visually impaired participants. They con-
cluded that visually impaired participants were faster than blindfolded participants
because they focused on exploring the salient areas of the displayed graphics using
bimanual exploration. |[Bahrin et al., 2019] developed a fingertip tracking system to
investigate the exploration strategies employed by blind and visually impaired par-
ticipants while exploring tactile graphics. The analysis of the collected data showed

that participants employed the contour following and the lateral motion strategies
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only. [Vinter et al., 2020] investigated the role played by the exploratory procedures
employed by the children (sighted and visually impaired) to correctly identify and
name the tactile images when the experimental settings were designed similar to
their natural reading conditions. Their results showed that, regardless of the visual
status of the children, they were successful in correctly identifying and naming the
explored image when they used appropriate exploratory procedures.

In comparison to the studies on real tactile graphics, there are less number of
studies investigating the haptic exploratory procedures employed for virtual tactile
graphics. [Tennison and Gorlewicz, 2016| investigated the exploratory procedures
utilized by the participants to correctly identify the basic tactile shapes displayed
by vibration on a touchscreen. They rendered three shapes (triangle, square and
pentagon) in small and large sizes on the touch surface of a tablet using its built-
in actuators. Vibrotactile feedback was displayed inside the shapes while stronger
vibrations were provided to the participants at the edges. They reported that slow
and deliberate exploration movements were preferred by the participants as a start-
ing strategy until they became aware of the key features of the displayed graphics.
They observed that some participants scanned the screen horizontally to identify the
tactile shape in general and some circled around the corners to find nearby edges
in particular. [Tekli et al., 2018] investigated how blind users utilize vibrotactile
feedback displayed through a touchscreen to recognize simple shapes and graphics.
They concluded that participants followed non-traditional haptic exploration strate-
gies such as navigating the screen from left to right horizontally and then from top
to bottom vertically to recognize the displayed item on the touchscreen. [Bateman
et al., 2018] investigated whether the user could locate a haptic point displayed using
textures on a touchscreen within a specified time. Their results showed that partic-
ipants correctly found a haptic point with an average time of approximately 15 sec-
onds. Their investigation of the user interaction patterns revealed that participants
either used a systematic approach or a rapid exploration of a touchscreen to find the

haptic point. [Tennison and Gorlewicz, 2019] conducted experiments with visually
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impaired participants to investigate how they explore virtual line profiles displayed
on a touchscreen using auditory and vibratory feedback. Their results suggested
that vibrating lines were preferred over auditory lines. Furthermore, participants
employed similar haptic exploratory strategies to recognize the lines: zigzagging on
a line to follow its profile or circling around the intersection points to determine the

orientation of intersecting lines.
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Chapter 3

DATA DRIVEN VIBROTACTILE RENDERING OF
DIGITAL BUTTONS ON TOUCHSCREENS

Summary

In this chaptex{l]7 we focus on creating vibrotactile feedback on a touchscreen that
simulates the feeling of physical buttons using piezoelectric actuators. For that pur-
pose, we first recorded and analyzed the force, acceleration, and voltage data from
twelve participants interacting with three different physical buttons: latch, toggle,
and push buttons. Then, a button-specific vibrotactile stimulus was generated for
each button based on the recorded data. Finally, we conducted a three-alternative
forced choice (3AFC) experiment with twenty participants to explore whether the
resultant stimulus is distinct and realistic. In our experiment, participants were able
to match the three digital buttons with their physical counterparts with a success
rate of 83%. In addition, we harvested seven adjective pairs from the participants
expressing their perceptual feeling of pressing the physical buttons. All twenty par-
ticipants rated the degree of their subjective feelings associated with each adjective
for all the physical and digital buttons investigated in this study. Our statistical
analysis showed that there exist at least three adjective pairs for which participants

have rated two out of three digital buttons similar to their physical counterparts.

!This work is published in the International Journal of Human Computer Studies [Sadia

et al., 2020].
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3.1 Categories of Mechanical Buttons

Mechanical buttons and switches are designed to enable or disable current flow in
electric circuits. A button must be triggered by an external force to change its
state, which can be achieved by different hand gestures (pushing, rotating, sliding,
rocking, pulling). The response of each button depends on its unique properties,
and accordingly, buttons can be grouped under two main categories (Figure
[Lindblom, 2013]:

(a) Maintained buttons/switches stay in one state until they are triggered. Toggle,

rotary, latch, and slide buttons are examples of maintained buttons.

(b) Momentary buttons/switches stay active as long as pressure is maintained on

the switch. Examples of momentary buttons/switches include push buttons and

joysticks.
Mechanical Buttons /
Switches
I
v v
Maintained Momentary

I
v v v v v i
Slide Rotary || Latch || Toggle Push .
Switch | [ Switch | | Button | | Button Button Joysticks

V ¥ 7 + y —+
YRep & &

Figure 3.1: Physical buttons/switches can be divided into two main groups. Our
study utilizes Latch Button and Toggle Button from maintained group, and Push

Button from momentary group.
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We chose three buttons that we interact frequently in our daily lives: two main-
tained buttons (Latch Button and light button as Toggle Button), and one mo-
mentary button (Push Button) (Figure. [3.2). The acceleration profile (mechanical
vibrations that occur when a physical button is pressed) of buckling (pressing a
button) and restitution (releasing a button) events are very similar, but they occur
in opposite directions [Tashiro et al., 2009]. For rendering purpose, we focus only

on the buckling event of these three buttons.

Figure 3.2: Physical buttons used during data collection and in our second experi-

ment: Latch Button (1), Toggle Button (2), and Push Button (3).

3.2 Experimental Setup

We used a custom designed tabletop, HapTable as shown in Figure that regis-
ters and recognizes touch gestures using rear diffused illumination |[Miiller-Tomfelde,
2010] and is capable of providing appropriate visual and haptic feedback for the rec-
ognized gestures [Emgin et al., 2018].

The interaction surface of HapTable is evenly illuminated with wide angle in-
frared LEDs (50-Module IR Kit, Environmental Lights). When a user touches this

surface, light is reflected from contact points and captured by an infrared camera
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Figure 3.3: User performing a task on HapTable to interact with a digital scene
while receiving suitable haptic feedback. The hardware components of HapTable
are shown in (b) rear and (c) front views. This image is taken from [Emgin et al.,

2018).

(Eye 3, PlayStation). In this study, we added an additional infrared camera (Eye 3,
PlayStation) underneath the touch surface at a shorter distance to the interaction
surface in order to capture higher-resolution images of the finger contact area as the
user presses a digital button.

To generate mechanical vibrations on the surface, HapTable uses a sound card,
a high voltage amplifier (E413.D2, Physik Instrumente, Gain: 50), and a solid state
relay (Yocto - MaxiCoupler, Yoctopuce). The sound card generates haptic signals,
which are amplified by the high voltage amplifier and sent to the solid state relay.
The outputs of the solid state relay are connected to individual piezo patches, which
can be actuated in less than ten milliseconds. In order to obtain the vibrational
characteristics of the touch surface of HapTable, a linear sine sweep voltage signal,
varying in frequency from 0 to 625 Hz, was applied to piezo patches using a signal
generator. Then, a Laser Doppler Vibrometer (LDV, PDV-100, Polytec) was used
to measure the out-of-plane vibrations at 84 grid points on the touch surface, and

a signal analyzer (NetDB, 01dB-Metravib) was used to record and analyze these
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signals. We constructed five vibration maps of the touch surface for each actuation
configuration of piezo actuators: when each piezo actuator was excited individually

(PA, PB, PC, and PD), and when all piezo actuators were excited together. For

further details on vibration maps, readers are referred to [Emgin et al., 2018].

The vibration maps generated for these five cases revealed that the highest vi-
bration amplitude with the largest area of interaction was achieved at a resonance
frequency of 263.5 Hz using piezo patch A (PA) at the region shown in Figure

3.4. This resonance frequency is desirable for our application since human tactile

sensitivity to vibrotactile stimulus is highest around 250Hz |Jones and Sarter, 2008].

PB
T T Y[

PC| ||°

Displacement Difference (um/Vp)

o . u
PD

Figure 3.4: Vibration map of the touch surface when piezo patch A (PA) is ex-
cited at 263.5 Hz. The digital buttons are rendered at the center of dashed circle.

3.3 Data Collection

To measure the force applied by the user on each physical button, its vertical accel-
eration, and activation state in the form of a step change in voltage, we built a box
enclosing all three buttons (Figure [B.5]). A three-axis accelerometer (ADXL 335,
Analog Devices Inc.) was attached on top of each button to measure its vertical

acceleration and a force sensor (Mini40, ATT Industrial Automation) was placed be-
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neath the box to measure the normal force applied by the user. Two data acquisition
cards (PCI-6034E and PCI-6321E, National Instruments) were used to record the
force, acceleration, and voltage data simultaneously at 5K samples per seconds. The
box was immobilized on a rigid table to reduce the electrical noise due to cabling

and undesired external vibrations.

Top View

Push Button —p Latch Button

Accelerometer <—

Base <—

Force Sensor «

Figure 3.5: Illustration of the experimental setup used for data collection.

Twelve participants (eight males and four females with an average age of 31.12 +
5.82 years), participated in the data collection experiment. FEach participant read,
and then signed a consent form approved by the Ethical Committee for Human
Participants of the Ko¢ University before the experiment. Participants were asked
to press each button ten times using their index finger. During this interaction, we
recorded the force applied to button, button’s acceleration, and activation state in

the form of a step change in the voltage signal. Collecting experimental data from



Chapter 3: Data Driven Vibrotactile Rendering of Digital Buttons on Touchscreens 24

each participant took approximately fifteen minutes.

3.4 Data Processing

Before processing the accelerometer data, we applied a high pass filter with a cutoff
frequency of 10 Hz to eliminate an undesired influence of gravitational forces, sensor
drift, and user’s hand movements [Romano and Kuchenbecker, 2012]. Then, we
applied dynamic time warping (DTW) algorithm [Berndt and Clifford, 1994] to the
acceleration signals to find a representative signal for each button. This algorithm
aligns two time-dependent signals by minimizing the total distance between them.
The flowchart used for collecting and processing of acceleration data is shown in

Figure |3.0]
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Number of Trials
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RawAcc = Record (Acceleration)

!

InitAcc[T] = HighpassFilter (RawAcc)

AccSignal[S] = DTW(InitAcc)

|

Aphysical[B] = DTW(AccSignal)

Return Apnysical

End

Figure 3.6: Flowchart showing the steps involved in collecting and processing ac-
celeration data. In this chart, RawAcc is the recorded acceleration, InitAcc is
the filtered acceleration, AccSignal is the representative signal of a subject and
Aphysical 18 an array containing the representative acceleration signal of all three

physical buttons.
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Typical acceleration, force, and activation state profiles recorded from each phys-
ical button and the power spectral densities of acceleration signals obtained by Fast-
Fourier transform are shown in Figure 3.7 As shown in Figure [3.7 the measured
acceleration signals have distinct forms in the frequency domain. Figure (3.8 reports
the magnitude of the force applied by each participant to activate each physical but-
ton. Figure (3.8 also shows that the participants applied the largest force to activate

Latch Button while Toggle Button required the smallest amount of force to activate.
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Figure 3.7: Normalized acceleration (blue), force (red), and activation state
(green) are shown for Latch Button (top), Toggle Button (middle), and Push But-
ton (bottom) along with the frequency spectrum of the acceleration signals on the
right column. The buckling event is shown for Latch and Toggle Buttons while

both events are shown for Push Button since it is a momentary type of button.
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Figure 3.8: Mean and standard deviation of force magnitudes for each participant
and all together (upper right). The force data was acquired at the instant of but-

ton activation.

In order to construct a vibrotactile waveform for each digital button, we per-
formed amplitude modulation on the acceleration signal recorded from its physical

counterpart with the resonant frequency of the touch surface of HapTable (263.5
Hz) using Equation

Adigital,i (t) = Aphysical,i (t) Sin(Qﬂ-fct) (31)

where i represents the button type, Apnysicati(t), and Agigitar,i(t) are the recorded
and synthesized acceleration signals of each button and f. is the carrier frequency

(263.5 Hz).
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3.5 Transfer Function Estimation

In order to preserve the spectrum of synthesized waveform Ag;girqi(t), we estimated
the transfer function between the voltage applied to the piezo patches and the accel-
eration generated on the touch surface of HapTable using the Frequency Response
Function (FRF) recorded for piezo patch A (PA) between the voltage and vibration
amplitude, at the point where the digital buttons are displayed to the user (Figure
. We differentiated the FRF twice to get the acceleration/voltage, which was
originally measured in the form of displacement /voltage. We then inverted the FRF
(voltage/acceleration) and fit a transfer function using "tfest" function of MAT-
LAB. Finally, we inputted this transfer function and the synthesized acceleration
signal Agigitari(t) to "lsim" function of MATLAB to obtain the actuation voltage
signal. The voltage signals obtained by this method for all digital buttons are shown
in Figure|3.9

We applied the voltage signals to the piezo patch A (PA in Figure and mea-
sured the corresponding vibrational velocities at the interaction point on the touch
surface (where the digital buttons are displayed to the participant) by LDV. We
then differentiated the measured velocities to get the acceleration profiles. Finally,
we compared the reconstructed acceleration signals with the actual acceleration sig-
nals recorded from physical buttons in Figure [3.10l We observed a good match
between the actual and reconstructed acceleration signals in the time domain. Ob-
viously, they did not match in the frequency domain since the frequency spectrum
of the reconstructed acceleration signals were dominated by the resonance frequency

of the HapTable.

3.6 Haptic Rendering of Digital Buttons based on Finger Contact Area

Force is an important factor in actuating a physical button [Colton and Hollerbach,
2007, |Alexander et al., 2014]. Some buttons are actuated by lightly tapping on the

keys (such as the Toggle Button in our case) while others need higher actuation force
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Figure 3.9: Voltage signals applied to the piezo patch A for digital Latch Button
(top), Toggle Button (middle), and Push Button (bottom). The input voltage is
100Vpp.
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Figure 3.10: Comparison of the reconstructed acceleration signals (gray) with
the recorded acceleration signals (blue) for Latch Button (top), Toggle Button
(middle), and Push Button (bottom) along with the frequency spectrum of the
recorded acceleration signals (blue) and reconstructed acceleration signals (gray)

on the right column.

(such as the Latch Button in our case). Typically, touch surfaces are not equipped

with force sensors. Therefore, we cannot directly use force information to actuate
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the digital buttons on mobile phones and tablets.

Existing literature shows that the apparent finger contact area grows proportion-
ally with applied normal force [Johnson and Johnson, 1987, van Kuilenburg et al.,
2015). Therefore, we related the mean normal force required to activate physical
buttons (see the upper right corner in Figure with the finger contact area of the
participants to activate digital buttons. Hence, Latch Button required the largest
area of finger contact while Toggle Button required the smallest area of finger con-
tact. For implementation purposes, we simply defined three conditions to activate
each digital button as depicted in Figure 3.11 where A,,;;, and A4, represent the
contact areas corresponding to low and high finger pressure. The digital button is
activated when the participant applies sufficient pressure to the touch surface with
her/his finger such that the instantaneous contact area exceeds the pre-determined

threshold values (Figure [3.11)).

A A

min /3 max

1
E‘I’oggle Button .

Push Button

EEEEEEEEEEEEEEEES >

ELatch Button

Figure 3.11: Minimum force required to activate each of the three digital buttons

based on the finger contact area.

Obviously, the mapping between normal force and finger contact area is not linear
when Hertz contact model is considered. However, our visualization table (HapT-
able) is not equipped with a force/pressure sensor. Therefore, it was not possible to

activate the digital buttons based on the recorded force values of participants. More-
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over, we did not measure the finger contact area of the participants simultaneously
with the force applied to the physical buttons in our experimental setup (Figure
during our recording session (Section 2.2). Also, we did not control their finger
orientation while they pressed the physical buttons, which affects the size of the
contact area. For those reasons, in our study, we measured the finger contact area
of each participant using an IR camera and then use a simple linear model, based

on the recorded force data from physical buttons, to activate the digital buttons.

3.7 Experiment-1: Matching Experiment

In this experiment, we asked participants to match digital buttons with their physical
counterparts by pressing the digital button on the interaction surface of HapTable

and relate it with one of the three physical buttons.

3.7.1 Participants

Twenty participants (12 males and 8 females with an average age of 29.12 £+ 6.42
years) participated in this experiment. Sixteen participants were right-handed and
the rest were left-handed. All of them were graduate students and everyday users of
mobile phones. The participants read and signed a consent form before the exper-
iment. The form was approved by the Ethical Committee for Human Participants

of Ko¢ University.

3.7.2  Experimental Design and Procedure

A 2 x 2 latin square design was used to investigate if the participants’ matching per-
formance was improved after learning the corresponding stimulus for each physical
button [Foehrenbach et al., 2009, Ma et al., 2015]. The participants were randomly
assigned to one of these experimental groups. Each participant took part in two
experimental sessions conducted on two alternate days. Each session involved four

steps as shown in Figure below:
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Finger Actual

Familiarization Calibration Training Experiment

Figure 3.12: Four steps involved in the matching experiment.

Familiarization

Participants pressed each of the three physical buttons, ten times to familiarize
themselves with the haptic feedback resulting from pressing these buttons. They
were blindfolded to prevent any visual bias but instructed to pay attention to the

tactile cues while they were interacting with physical buttons.

Finger Calibration

As reported in the earlier studies [van Kuilenburg, 2013} Delhaye et al., 2014], hu-
mans have different finger contact areas for the same normal force. To display
personalized haptic feedback to each participant in our study, we measured the par-
ticipants’ finger contact area before the actual experiment while they were pressing
on the touch surface, as if they were activating a digital button, under two different
contact conditions: (a) low (A;,,) and (b) high (A,,..) finger pressure. Participants
were asked to press the touch surface five times for each contact condition. The
mean values for A,,;, and A,,,. were utilized in activating digital buttons based on

the conditions set in Figure [3.11

Training

This step was designed to familiarize participants with the experimental setup, and
the haptic feedback displayed for the digital buttons on HapTable. During this
step, participants were allowed to ask questions. Each participant completed nine

trials (3 repetition x 3 digital buttons). In each trial, participants received haptic
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feedback according to their contact area and button type and asked to match it with
one of the three physical buttons. We provided confirmation to Group-II about the
correctness of their selected choices during the training step on Day-I, but not on
Day-II. Group-I received confirmation about the correctness of their choice during

this step on Day-II, but not on Day-I (Table [3.1).

Table 3.1: Latin square design used for Experiment-I.

Day-1 Day-11

Group-I | No Confirmation Confirmation

Group-I1 Confirmation No Confirmation

Actual Experiment

There were thirty trials in the actual experiment (10 repetitions x 3 digital buttons).
Participants were not allowed to ask any questions. They wore noise-canceling
headphones to eliminate audio cues. The task was to press the digital button on the
HapTable to feel the vibrotactile signal and relate it with one of the three physical

buttons they experienced earlier in the familiarization step.

3.8 Experiment-II: Subjective Rating Experiment

Experiment-II aimed to investigate how effectively we were able to render the haptic
feeling of physical buttons in the digital domain. The experiment consisted of two
steps. In the first step, we collected adjectives from the participants through a
survey, describing their tactile sensations of the three physical buttons. In the
second step, participants experimented with the physical and digital buttons and

rated their subjective experiences via those adjectives.
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3.8.1 Collecting Adjectives

The participants were asked to write down the adjectives that could be associated
with the tactile sensation of all three physical buttons. We sorted the most fre-
quently appeared adjectives in their list and selected the top nine adjective pairs
with opposite meanings (Table [3.2). We removed the stiff/springy adjective pair

because our current setup cannot render the stiffness/springiness of a button.

Table 3.2: List of nine adjective pairs used for adjective ratings in Experiment-II.

Pair No. Adjectives

1 Unpleasant = Pleasant

2 Uncomfortable <—=————= Comfortable
3 Unclear — Clear

4 Unstable e Stable

5 Delayed — Quick

6 Unreliable e Reliable

7 Rough — Smooth
8* Hard — Soft
9* Stiff — Springy

*Adjective pair was removed after the pilot study.

After a pilot study conducted with ten new participants, we also removed the

hard/soft adjective pair as the participants reported difficulty in attributing hard-
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ness/softness to the digital buttons. Hence, we ended up with seven adjective pairs.

3.8.2  Subjective Evaluation

In this step, the same twenty participants from experiment-I rated their tactile
sensations of physical and digital buttons using the seven adjective pairs shown
in Table 3.2 We designed a simple GUI to collect adjective ratings for each of
the three physical and digital buttons (Figure . Participants were allowed to

Name: Name
Button No. 1 Finish
Birth Year: 200
Unpleasant o | o Pleasant
Uncomfortable A | o Comfortable
Unclear 4 |l > Clear
Unstable [ | ol Stable
Delayed [ [ | Quick
Unreliable \ \ | Reliable
Rough ‘ ‘ 1 Smooth
Back Next

Figure 3.13: The user interface for the adjective ratings.

experiment with each button as many times as they wanted. Then, they were asked
to manipulate the slider bar of each adjective pair to rate their subjective feelings.
All slider bars were centered at the beginning of evaluation for each button. On

average, the experiment took thirty minutes for each participant.

3.9 Results

3.9.1 Fxperiment-1

Figure shows the confusion matrices for the responses of both groups on al-
ternate days. The diagonal entries in these matrices show the correct recognition

rate in percentage for each button, known as true positive (7'P) values whereas the
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off-diagonal entries are classified as errors. The total number of false negatives (F'N)
for a button is the sum of the values in the corresponding rows, excluding (7'P).
The total number of false positives (F'P) for a button is the sum of the values of the
corresponding columns excluding (7'P). The total number of true negatives (T'NV)
for a button is the sum of all columns and rows excluding the column and row of
that button.

The following performance metrics were used to analyze the results [Landis and

Koch, 1977, |[Fawcett, 2006, Sokolova and Lapalme, 2009]:

(a) Accuracy (ACC) is calculated as sum of the correct classifications divided by

the total number of classifications (Equation [3.2)).

TP+TN
ACC = ——— 3.2
Total (32)
(b) Precision (PREC) is calculated as the number of correct classifications divided

by the total number of positive predictions for a specific button (Equation .

TP
PREC = 555 (3:3)

(c) Sensitivity (SN), also called recall, is calculated as the number of correct positive
predictions divided by the total number of stimuli presented for a specific button
(Equation [3.4]).

TP

SN =75 T FN

(3.4)

The sensitivity per button varied from 68% ( Push Button) to 75% (Latch Button)
for Group-I on Day-I, (no confirmation provided during training on digital buttons,
see Figure . After providing confirmation to Group-I during their training on
Day-II for digital buttons, the sensitivity was improved by 11% for Push Button, 16%
for Toggle Button, and 17% for Latch Button (see Figure . The performance
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Figure 3.14: Confusion matrices for the responses of participants in (a) Group-I
with no confirmation (Day-I), (b) Group-I with confirmation (Day-1I), (¢) Group-
IT with confirmation (Day-I), and (d) Group-II with no confirmation (Day-II).
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metrics in Table [3.3] confirm that the accuracy of identifying Toggle Button was
improved by 12.34% followed by Latch Button (11.33%) and Push Button (5.67%)
for Group-I on Day-II, when confirmation was provided during training on digital

buttons.

Table 3.3: Comparison of performance metrics of Group-I for Day-I and Day-I1

Group-I (Day-I) Group-I (Day-II)
Metrics
Latch Toggle Push Latch Toggle Push
Button Button Button Button Button Button

ACC (%) 82.67% 76.33% 81.00% 94.00% 88.67% 86.67%

PREC (%) 73.53% 63.81% 73.12% 90.20% 83.0% 80.61%

SN (%) 5% 67% 63% 92% 83% 79%

The sensitivity scores of participants in Group-II varied from 81% (Push Button)
to 95% (Latch Button) on Day-I (confirmation provided during training, see Figure
. Sensitivity was improved by 9% for Push Button, 4% for Toggle Button,
and 5% for Latch Button on Day-II when Group-II was not provided with any
confirmation during their training on digital buttons (see Figure [3.14d)). It is further
confirmed from the performance metrics in Table that Group-II could identify
Latch Button with 100% precision followed by Toggle Button (89.69%) and Push
Button (87.38%) on Day-II when no confirmation was provided during training on
digital buttons.

Figure shows that if confirmation was provided to the participants during

training on the digital buttons, their performance was improved especially in the
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Table 3.4: Comparison of performance metrics of Group-II for Day-1 and Day-I1I

Group-II (Day-I) Group-II (Day-II)
Metrics
Latch Toggle Push Latch Toggle Push
Button Button Button Button Button Button
ACC (%) 97.00% 87.33% 88.33% 100% 92.33% 92.33%
PREC (%) 95.96% 79.81% 83.51% 100% 89.69% 87.38%
SN (%) 95% 83% 81% 100% 87% 90%

case of Toggle Button and Push Button. However, we observed that both groups
found Latch Button distinct as compared to Toggle Button and Push Button, but
confused Toggle Button with Push Button irrespective of the confirmation provided.

We further performed a three-way ANOVA on the performance metrics with
two within-subjects factors (confirmation and button-type; latch, toggle, and push
button) and one between-subjects factor (group number). First, we performed the
Mauchly’s test of sphericity to check whether the differences between the levels
of the within-subject factors have equal variance. If the sphericity assumption was
violated, the degrees of freedom were corrected using Greenhouse-Geisser correction.
Then, Bonferroni corrected post-hoc analysis was carried out to investigate where
the statistically significant differences between the levels of within-subject factors
lie.

Providing confirmation to the participants during training has a significant main
effect on all the performance metrics (p < 0.01). When the confirmation was pro-

vided, the performance metrics were improved. The button-type also has a statisti-
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cally significant main effect on all of the performance metrics (p < 0.01). Compared
to Toggle and Push Button, Latch Button had the highest accuracy, precision, and
sensitivity scores.

There was a significant interaction between confirmation and group number (p <
0.01), suggesting that, providing confirmation to Group-II first and Group-I later
during training session yields a different effect on the performance metrics. On Day-
I, Group-II performed better than Group-I, since they received confirmation. The
interaction between the button-type and group number was not significant. The
interaction effect between confirmation and button-type was also non-significant.

Our post-hoc analysis showed that participants were significantly better at re-
lating digital Latch Button with its physical counterpart in comparison with Toggle
Button and Push Button (p < 0.001). However, we could not find significant dif-
ferences in relating Toggle Button and Push Button to their physical counterparts

irrespective of the confirmation provided during the training session.

3.9.2  Experiment-11

We applied a normalization to the subjective ratings based on the method suggested
by |[Murray et al., 2003]. For this purpose, we first computed the geometric mean
of all responses, called Grand Geometric Mean (GGM), and the geometric mean of
each participant (GMp). We then obtained the normalized value for each participant
by GGM /G Mp.

The average ratings obtained in Experiment-II and their standard deviations are
shown in Figure for each button. Participants have rated digital Latch Button
similar to physical Latch Button on Unstable-Stable, Unclear-Clear and Unreliable-
Reliable adjective pairs. However, they felt digital Latch Button more pleasant,
comfortable, quick, and smooth compared to its physical counterpart. Participants
have felt digital Toggle Button similar to its physical counterpart for almost all
adjective pairs except for Unreliable-Reliable. According to participants’ ratings,

digital Toggle Button is less reliable than its physical counterpart. They felt digital
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Push Button similar to its physical counterpart for Rough-Smooth adjective pair. We
conducted a two-way multivariate analysis of variance (MANOVA) as described by
[Meyers et al., 2016] with two independent variables (button-type, button-category;
physical and digital) and seven dependent variables (seven adjective pairs listed in
Table [3.2)).

The MANOVA found significant main effects of both button-category (F(7,108) =
7.46,p < 0.001,7% = 0.326), and button-type (F(14,218) = 26.41,p < 0.001,7* =
0.63) on the combined dependent variables. The interaction between button-category
and button-type was also significant (F(14,218) = 5.36,p < 0.001,7? = 0.26). In-
dividual ANOVA found a non-significant main effect of button-category for two ad-
jective pairs: Unclear-Clear and Unreliable- Reliable, showing that participants have
rated digital buttons similar to their physical counterparts for these adjective pairs.
Our post-hoc analysis showed that participants rated two of the three digital buttons
(Toggle Button and Push Button) similar to their physical counterparts for four ad-
jective pairs: Unpleasant-Pleasant, Uncomfortable-Comfortable, Delayed-Quick, and
Rough-Smooth. Digital Latch Button was rated similar to its physical counterpart
for three adjective pairs: Unclear-Clear, Unstable-Stable, and Unreliable-Reliable.

3.10 Discussion

In this study, we recorded force, acceleration, and voltage data for activation state
from three physical buttons to identify their distinct response characteristics. We
used the acceleration profile recorded for each physical button to generate the vi-
brotactile stimulus for its digital counterpart. In this regard, we first obtained the
representative acceleration signal of each participant and button by applying a DTW
algorithm to recorded acceleration profiles, and then we applied DTW one more time
to obtain the representative signals for each button among all participants. After
obtaining the representative signals for each button, we mapped the acceleration

profile to the actuation voltage signal using the transfer function of the interaction
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Figure 3.15: Normalized adjective ratings of all three physical and digital buttons
with their standard deviations: (a) Latch Button, (b) Toggle Button, and (c) Push
Button.
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surface for the point where the digital buttons were displayed to the users. Since
it was not possible to display force feedback to the users in our system, the infor-
mation gained from the recorded force data was associated with the finger contact
area of each participant pressing the digital button to determine the instant of its
activation.

We conducted a user study in which we asked the participants to match the
vibrotactile stimulus, displayed to them through the touch surface, with one of the
three physical buttons that they had interacted with. Hence, the chance level of the
experiment was 33%. The correct recognition rate of both groups was significantly
higher than the chance level for each button (Tables and [3.4).

Our experimental results revealed that both groups had confusion in matching
Toggle Button and Push Button to their physical counterparts irrespective of the
availability of the confirmation during training step. Six out of ten participants in
Group-I on Day-I perfectly matched the digital Latch Button to its physical coun-
terpart, whereas three participants confused Toggle Button with Push Button and
vice versa. Only, one participant perfectly matched all digital buttons to their phys-
ical counterparts for all trials. Note that there was no confirmation provided to
Group-I on Day-I. After providing confirmation during training, the overall perfor-
mance was improved by 15%. However, the Toggle Button was still confused with
Push Button. Fight participants from Group-II on Day-I could match digital Latch
Button to its physical counterpart with 100% accuracy. Two out of eight partici-
pants perfectly matched digital buttons with their physical counterparts and three
participants achieved 99% accuracy and confused Toggle Button with Push Button
only once. Rest of the participants confused Latch Button with Toggle Button and
Toggle Button with Push Button. The overall accuracy was 86.33% for Group-II on
Day-I and improved by 6% on Day-II when no confirmation was provided during
training. Overall, the participants correctly matched the given digital buttons with
their physical counterparts with an accuracy of 83%.

After the matching experiment, we verbally asked participants to comment on
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their subjective experience with digital buttons. Majority of the participants were
confident that they matched the Latch Button correctly. Some participants stated
that the duration of haptic stimuli (vibration duration) helped them to distinguish
the Toggle Button from Push Button, whereas some stated that they made a decision
based on the pressure they applied to the touchscreen to activate the button, which is
related to the finger contact area. Fifteen out of twenty participants preferred Toggle
Button and Push Button over Latch Button. These results are in line with some
previous studies by |[Koskinen et al., 2008, Lylykangas et al., 2011] and [Park et al.,
2011]. They emphasized the importance of keeping duration short for button click
vibrations. Furthermore, |[Shin et al., 2014] also highlighted that tactile stimulus
responding to pressing a digital button on touch surface with a rapid response time
provides a realistic feeling of physically clicking a button. This is also confirmed
in our experimental results. Participants have preferred digital buttons with short
vibration duration (7Toggle Button and Push Button) as compared to the one with
longer vibration duration (Latch Button in our case).

We also asked participants to rate their subjective tactile feelings of physical
and digital buttons using seven adjective pairs (Table . Our statistical analy-
sis revealed that participants have rated two out of three digital buttons (7oggle
Button and Push Button) similar to their physical counterparts for four adjec-
tive pairs: Unpleasant-Pleasant, Uncomfortable-Comfortable, Delayed-Quick, and
Rough-Smooth. Furthermore, our results also showed that participants perceived
digital buttons more pleasant, comfortable, and smooth as compared to their phys-

ical counterparts.
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Chapter 4

EXPLORATION STRATEGIES FOR TACTILE
GRAPHICS DISPLAYED BY ELECTROVIBRATION ON
A TOUCHSCREEN

Summary

In this chapter, we report the results of our experiments performed with human
participants to investigate the recognition rate and time of five tactile shapes (i.e.,
triangle, square, pentagon, hexagon, and octagon) rendered by electrovibration on a
touchscreen using three different methods and displayed in prototypical orientations
and non-prototypical orientations (i.e., 15 degrees CW and CCW to the prototypi-
cal orientation). The results showed that the recognition rate was higher when the
haptically active area was larger. However, as the number of edges was increased,
the recognition time increased and the recognition rate dropped significantly, ar-
riving to a value slightly higher than the chance rate of 20% for non-prototypical
octagon. Moreover, the recognition time for inside rendering condition was sig-
nificantly shorter as compared to edge and outside rendering conditions and edge
rendering condition led to the longest recognition time. We also recorded the par-
ticipants’ finger movements on the touchscreen to examine their haptic exploration
strategies. Based on our temporal analysis, we classified six exploration strategies
adopted by participants to identify the shapes, which were different for the prototyp-
ical and non-prototypical shapes. Moreover, our spatial analysis revealed that the
participants first used global scanning to extract the coarse features of the displayed
shapes, and then they applied local scanning to identify finer details, but needed

another global scan for final confirmation in the case of non-prototypical shapes,
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possibly due to the current limitations of electrovibration technology in displaying
tactile stimuli to a user. We observed that it was highly difficult to follow the edges
of shapes and recognize shapes with more than five edges under electrovibration

when a single finger was used for exploration.

4.1 Experimental Setup

A surface capacitive touchscreen (SCT3250, 3M Inc.) was used to display tactile
stimuli to participants. The desired voltage signal was generated by a DAQ card
(PCI-6025E, National Instruments Inc.) and boosted by an amplifier (E-413, PI
Inc.) before transmitted to the touchscreen through a current limiter. Figure
depicts the process of generating voltage signal for rendering tactile shapes on the
touchscreen. The waveform, amplitude, and the frequency of the voltage signal were
a square wave, 200 Vpp, and 120 Hz, respectively, where the wave characteristics
were selected to provide the most differentiable haptic sensation possible ([Vardar:
et al., 2017a]). An LCD was positioned below the touchscreen for visual feedback
to participants and to let them pick the perceived tactile shape using a mouse and
a GUL An IR frame (NIB170BP, Nexio Inc.) was placed above the touchscreen to
detect and record the position of participants’ index finger. MATLAB and Simulink
Desktop Real-Time were utilized to develop the GUI to record the participants’ re-
sponses and to display electrovibration to participants in real-time based on their
finger positions, respectively. Figure illustrates the setup used for our experi-

ments.

4.2 Experiment-I

We investigated the effect of number of edges and rendering conditions on the recog-
nition rate and time of 2D equilateral tactile shapes. Also, we examined the strate-

gies followed by the participants while exploring these shapes on the touchscreen.



Chapter 4: FExploration Strategies for Tactile Graphics Displayed by FElectrovibration on
a Touchscreen 48

Position . DAQ
\i ' > Voltage Signal ey
A

IR Frame

Touchscreen Computer
LCD Display (MATLAB & Simulink)
Voltage Output
Current-Limited Amplified

Voltage Input Voltage

Output

Cu rrent‘ Limiter Amplifier
(RC Circuit) (L E413)
(a)
Touchscreen
IR Frame
Participant

LCD

Power
Supply

Current
Limiter

Figure 4.1: (a) Schematic showing how voltage signal is generated, processed, and
transmitted to the touchscreen. (b) Illustration of the experimental setup used in

our study.
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4.2.1 Participants

Nine participants (5 male, 4 female with an average age of 27 + 6.7 years) partic-
ipated in this experiment. All of them were graduate students and everyday users
of mobile devices. The participants read and signed a consent form before the ex-
periment. The Ethical Committee of Ko¢ University approved the form for human

participants.

4.2.2  Stimuli

The experimental stimuli consisted of five geometrical shapes (triangle, square, pen-
tagon, hexagon, and octagon) displayed under three rendering conditions; electro-
vibration was displayed 1) inside the shape (Inside), 2) on the edges of the shape
(Edge), and outside the shape (Outside) as shown in Figure In edge rendering
condition, the width of edges was set to 10 mm, which was chosen based on the
guidelines provided by [Palani et al., 2018| for vibrotactile rendering of virtual lines.
The size of shapes was selected to fit in a circle with a diameter of 10 cm (see the
dotted gray-colored inner circle in Figure . This diameter was selected by trial
and error such that the shapes were sufficiently large and could be detected by fin-
ger with ease. Although the shapes were not displayed visually to the participants
during the actual experiment, a circle with a diameter of 15 cm (see the dashed
red-colored outer circle in Figure was visually displayed to the participants to

help them locate the rendered tactile shape more easily on the touchscreen.

4.2.8  Procedure

Before the actual experiment, participants performed a training session to famil-
iarize themselves with the experimental setup, the tactile feedback displayed for
the shapes, and rendering conditions. Each shape was displayed once to the par-
ticipants in sequential order under the three rendering conditions (Inside, Edge,

Outside). Participants were allowed to ask questions during the training session.
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Figure 4.2: (a) Five tactile shapes were displayed to the participants via electro-

vibration under three rendering conditions (b) (left to right); electrovibration was
displayed inside the shape (Inside), on the edges (Edge), and outside of the shape
(Outside). The shaded areas in (b) illustrate the haptically active areas in all ren-
dering conditions. Solid blue-colored lines in (a) represent rendered shapes, dotted
gray-colored circle represents circumcircle of the shapes, and dashed red-colored
circle represents the area where tactile shapes were displayed to the participants.

Only red dashed circle was displayed to the participants visually during the actual

experiment.

After the training session, participants performed the actual experiment. The
task was to explore the tactile shapes on the touchscreen using the index finger and
then select the perceived shape from the five choices (Triangle, Square, Pentagon,
Hexagon, Octagon) presented on the GUI using a mouse. There was no time limit in
the experiment. Participants were not allowed to ask any questions during the actual

experiment. They were asked to put on noise-canceling headphones to prevent any
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external noise affecting their haptic perception.

The experiment was performed in two separate sessions with one-day interval
between them. There were 30 trials in each session (5 shapes x 3 rendering condi-
tions x 2 repetitions). Hence, the total number of trials for each participant was
60. The trials were randomized while the same randomization pattern was used for

all participants.

4.2.4  Analysis

The study was a within-subjects design with two independent variables; rendering
conditions and number of edges. We analyzed the user performance based on the

following metrics:

e Recognition rate: The ratio of the correctly identified shape to the total num-

ber of displayed shapes.

e Recognition time: The time taken by the participants to correctly identify the
displayed shape.

Furthermore, we recorded the participants’ finger position as a function of time to
investigate the strategies followed by the participants during the exploration process
based on the spatial and temporal information. The collected data allowed us to
generate animated video files for all the interactions made by each participant during
the exploration of shapes. These video files were then used to characterize and code
the exploration strategies followed by the participants.

In spatial analysis, we searched for any salient spatial features that help par-
ticipants to distinguish one shape from another. We used the following metrics for

spatial analysis:

e Number of touches to each corner was counted by defining a small square

region of 1.5 cm in size around each corner as shown in Figure The corners
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Figure 4.3: All the touches made inside the square box at each corner (a) and the

rectangular box at each edge (b) were counted.

were labeled by starting from the top-left corner and moving in clockwise

direction as shown in Figure [4.3a]

e Number of touches to each edge was counted by defining a rectangular
region of 3.5 cm x 1.5 cm in size along each edge as shown in Figure [4.3b

The edges were labeled by starting from the top edge and moving in clockwise

direction (Figure [4.3b)).

e Number of touches to the haptically active area: All the touches oc-
curred in the rendered area were counted. For example, if the rendering
method was “Inside”, the haptically active area was inside the shape. Hence,

all the touches inside the shape were counted.

In temporal analysis, we investigated participants’ exploration strategies and
identified two main strategies; global scanning and local scanning, as described

below:

¢ Global scanning: If a path was traced using long and continuous movements

for the identification of global features of the rendered shape (see Figure [4.4)),
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the exploration was classified as global scanning. Global scanning was fur-

ther categorized into three sub-categories based on the exploratory movements
(Figure [4.4):
— Global-horizontal: If the scanning movements were along the x-axis,
the exploration was classified as global-horizontal (Figure {4.4al).

— Global-vertical: If the scanning movements were along the y-axis, the

exploration was classified as global-vertical (Figure [4.4b)).

— Global-others: All other movement patterns such as circling and diag-

onal were classified as global-others (Figure [£.4d).

(a) (b) ()

Figure 4.4: The strategies followed by the participants during global scanning: (a)
global-horizontal, (b) global-vertical, and (c) global-others.

e Local scanning: If a path was traced using short and continuous movements
for the identification of local features of the rendered shape (see Figure[4.5)), the
exploration was classified as local scanning. Local scanning was further cate-

gorized into three sub-categories based on the exploratory movements (Figure

19):
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— Local-edge-finding: If the finger scanned an edge by moving back and

forth along the edge, the exploration was classified as local-edge-finding
(Figure {4.5a)).

— Local-edge-following: If the finger made zig-zag movements along an

edge, the exploration was classified as local-edge-following (Figure [4.5b]).

— Local-corner-finding: If the finger circled around a corner, the explo-

ration was classified as local-corner-finding (Figure 4.5¢)).

(a) (b) (c)

Figure 4.5: The strategies followed by the participants during local scanning: (a)
local-edge-finding, (b)local-edge-following, and (c) local-corner-finding.

The time spent by the participants for each exploratory movement during local

and global scanning was recorded.
4.2.5 Results

Analysis of Recognition Rate and Time

Figure [4.6| shows the average recognition rate and time of all participants under the
three rendering conditions. The results showed that irrespective of the rendering

condition, as the number of edges was increased, the participants’ correct recognition
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rate decreased except for octagon. The recognition rate for octagon was higher
than that of hexagon under all three rendering conditions (Figure . Also, the
participants spent less time in recognizing the shapes in the case of Inside rendering

condition as compared to the Edge and Outside rendering conditions.
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Figure 4.6: Recognition rate (a) and normalized recognition time (b) for all shapes

and rendering conditions.

We conducted a two-way with-in subjects multivariate analysis of variance (MANOVA)
with two independent variables (rendering condition: Inside, Edge, Outside; number

of edges: triangle (3), square (4), pentagon (5), hexagon (6), octagon (8)) and two de-
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pendent variables (recognition rate and recognition time). The MANOVA found sig-
nificant main effects of rendering condition (F'(4,32) = 3.225,p < 0.01,7* = 0.289)
and number of edges (F(8,64) = 3.701,p < 0.001,7° = 0.316). The interac-
tion effect between rendering condition and number of edges was non-significant
(F(16,128) = 1.534,p > 0.05,7* = 0.161). Individual ANOVA found a signifi-
cant main effect of rendering condition on recognition time (F(2,16) = 7.529,p <
0.01,7* = 0.485). Also, the effect of number of edges on recognition rate was sig-
nificant (F(4,32) = 8.848,p < 0.001,7? = 0.525). Our post-hoc analysis showed
that Inside rendering condition resulted in significantly shorter recognition time as
compared to the Fdge and Outside rendering conditions (p < 0.05). Edge rendering
condition led to the longest recognition time.

We constructed confusion matrices to further investigate the recognition rate of
the participants under each rendering condition (Figure . The confusion matri-
ces showed that hexagon was mostly confused with octagon in all three rendering
conditions; when octagon was displayed to the participants, the confusion between
hexagon and octagon was relatively low (11% for Inside, 22% for Edge, and 17%
for Outside rendering conditions). However, when hexagon was displayed as the
stimuli, the confusion was increased by 22% for Inside, 20% for Edge and 28% for
Outside rendering conditions. These results suggest that the participants identified

octagon more easily than hexagon.

Spatial Analysis

We investigated the number of touches to the edges and corners of all shapes under
all three rendering conditions. Two-way MANOVA shows a significant multivari-
ate effect for rendering conditions (F(2,106) = 23.752,p < 0.001,7* = 0.31) and
number of edges (F(4,106) = 48.320,p < 0.001,7*> = 0.646). Multivariate group
analysis revealed that Fdge rendering condition was significantly different from the
Inside and Outside rendering conditions for all shapes except octagon. Our post-hoc

analysis showed that the participants focused more on the corners in Edge rendering
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Figure 4.7: Confusion metrics of the recognition rate for (a) inside, (b) edge, and

(c) outside rendering conditions.

condition, as observed from the frequency maps in Figure [4.8b and on the edges in

Inside and Outside rendering conditions, as observed from Figures and [£.8d
We also found that the number of active touches (i.e., the number of touches

in the regions where the electrovibration was turned on) was significantly lower

under the Edge rendering condition compared to the other two rendering conditions.
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Figure 4.8: Frequency maps of randomly selected trials of participants (left to

right: triangle, square, pentagon, hexagon, octagon) under three rendering con-

ditions; (a) Inside, (b) Edge, and (c) Outside.

Since there were more white spaces with no stimulus (i.e., inactive region) in Edge
rendering condition, the participants spent more time identifying the shapes. These
outcomes align with the results reported by [Gorlewicz et al., 2020] for tactile shapes

displayed by mechanical vibration.
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Temporal Analysis

We investigated the exploration strategies used by the participants to examine the
virtual shapes displayed on the touch surface. We reported the result of our analysis

in terms of the starting, ending, most explored, and least explored strategies.

e The most common starting strategy adopted by the participants was global
scanning with exploratory movement as horizontal (35%) for all shapes and

rendering conditions (see the red colored bars in Figure 4.9a)).

e Most participants ended their exploration by local-edge-finding (55%) (see the
purple-colored bars in Figure |4.9b)).

e The most explored strategy was local-edge-finding (32%) followed by local-
corner-finding (21%) for all shapes and rendering conditions (see the purple

and cyan colored bars in Figure 4.9¢]).

e The global scanning with exploratory direction vertical (3%) was the least

explored strategy for all shapes and rendering conditions (see the green colored

bars in Figure |4.9¢).
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Figure 4.9: Starting (a), ending strategies (b), and most/least explored (c) strate-

gies and directions for all participants.
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We observed that most participants followed a particular strategy while exploring
the shapes. Initially, they explored the whole area inside the outer circle and then
focused on the key features to identify the rendered shape. Overall, they spent
less time in global scanning and more time in local scanning to identify each shape
(Figure . As the shape gets complicated (i.e., the number of edges increases),
the participants spent more time scanning the local features to identify the rendered

shape correctly.

Hinside @Edge OOutside

(=)

[8))

Ratio (local/global)
w »

N

pentagon hexagon octagon

triangle square

Figure 4.10: The ratio of local scanning time to the global scanning time for all
five shapes under three rendering conditions. The horizontal solid line shows the

boundary when the ratio is equal to one.

4.3 Experiment-11

The results of our first experiment suggested a perceptual bias in recognition of the
shapes as they were displayed to the participants in prototypical orientation. We
hypothesised that this is the reason why participants achieved a higher recognition
accuracy for octagon than hexagon. To test this hypothesis, we conducted a second

experiment with the same shapes but applied CW and CCW angular perturbations
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to change their orientation (with respect to the prototypical orientation) in order to
reduce the perceptual bias (see Figure 4.11)). We selected Inside rendering condition
for the second experiment since the recognition time for Inside rendering condition

was significantly shorter than the other two rendering conditions.

4.3.1 Participants

Nine different participants (5 male, 4 female with an average age of 26 + 6.7 years)
participated in the experiment. All of them were graduate students. The partici-
pants read and signed a consent form before the experiment, which was approved

by the Ethical Committee for Human Participants of Kog University.

4.8.2  Stimuli

The experimental stimuli comprised five tactile shapes (triangle, square, pentagon,
hexagon, and octagon) varying in orientation as shown in Figure . As suggested
by [Theurel et al., 2012|, the shapes displayed without any angular perturbation
are labeled as “prototypical,” and those displayed with angular perturbation are
labeled as “non-prototypical.” The non-prototypical shapes that are rotated by 15°
about their geometrical centers in the counter-clockwise (clockwise) direction are
called positive (negative). This angle was determined such that the resultant non-
prototypical shapes did not resemble their prototypical counterparts when they were
rotated (Note that the maximum value of rotation angle was 22.5° since a CCW/CW
rotation of 22.5° applied to a prototypical octagon results in a prototypical octagon

again).

4.8.8  Procedure

The experimental procedure for this experiment was the same as the first experiment.
However, this experiment was performed in three separate sessions with one-day

intervals between them. There were 30 trials in each session (5 shapes x 3 angular
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Figure 4.11: Five tactile shapes were displayed to the participants via electrovi-
bration during the second experiment in three different orientations: (a) proto-
typical orientation, (b) CCW (415°), and (¢) CW (-15°) angular perturbations
were applied to the prototypical shapes in (a) to construct the shapes in non-

prototypical orientations.

perturbations X 2 repetitions). Hence, the total number of trials for each participant
was 90. The trials were randomized while the same randomization pattern was used

for all participants.
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4.3.4  Analysis

This experiment was a within-subjects design with two independent variables; an-
gular perturbation and number of edges. The analysis procedure was the same as

the first experiment.

4.3.5  Results
Analysis of Recognition Rate and Time

Figure [4.12| shows the average recognition rate and recognition time of participants
under three configurations (0°, +15°, -15°). Our results show that as the number of
edges was increased, the recognition rate decreased significantly, more obvious for
non-prototypical shapes than prototypical ones. We conducted a two-way with-in
subjects MANOVA with two independent variables (angular configuration: proto-
typical, positive, and negative; number of edges: triangle (3), square (4), pentagon
(5), hexagon (6) and octagon (8)) and two dependent variables (recognition rate
and recognition time). The MANOVA found a significant main effect of angular
orientation (F'(4,32) = 4.248,p < 0.01,7? = 0.34) and number of edges (F(8,64) =
9.749,p < 0.001,7* = 0.55). The interaction effect between angular orientation and
the number of edges was also significant (F(16,128) = 2.307,p < 0.01,7* = 0.22).
Individual ANOVA found a significant main effect of angular orientation on both
recognition rate (F(2,16) = 10.473,p < 0.001,n*> = 0.567) and recognition time
(F(2,16) = 8.130,p < 0.01,17*> = 0.504). The effect of number of edges was also
significant on both recognition rate (F(4,32) = 30.823,p < 0.001,7* = 0.79) and
recognition time (F(4,32) = 3.682,p < 0.05,7> = 0.315). Our post-hoc analysis
of recognition rate showed that the statistical differences between prototypical and
non-prototypical shapes significant (p < 0.05), supporting our hypothesis that there
is a perceptual bias for prototypical shapes. Also, the statistical differences between
positive and negative shapes were non-significant (p = 1). The recognition time was

significantly smaller for the prototypical shapes as compared to the non-prototypical
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shapes (p < 0.05). However, the statistical difference between positive and negative

shapes was again non-significant (p > 0.05).
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Figure 4.12: Recognition rate (a) and normalized recognition time (b) for all

shapes and angular orientations.

We also computed confusion matrices for the recognition rate (Figure .
They show that as the number of edges increases, the recognition rate decreases
significantly, especially for positive and negative configurations. Furthermore, as
the number of edges increases, the confusion between the neighboring shapes also

increases.
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Figure 4.13: Confusion metrics of the recognition rate for prototypical shapes (a)

and non-prototypical shapes; positive (b) and negative (c).

Spatial Analysis

We calculated the number of times the participants touched the edges and corners

of prototypical and non-prototypical shapes.

A two-way MANOVA was carried

out on the number of touches. We found a significant multivariate effect of an-

gular orientation (F(2,114) = 5.744,p < 0.001,7%> = 0.092) and number of edges
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(F(4,114) = 44.387,p < 0.001,7? = 0.609) on the number of touches. The inter-
action effect between angular orientation and number of edges was non-significant
(F(8,114) = 1.958,p > 0.05,7* = 0.121). Our post-hoc analysis showed that the
number of touches made to the corners and edges were not significantly different
for all angular orientations and shapes except for square and hexagon. The number
of touches to the corners (edges) was significantly higher (lower) for prototypical
square and hexagon than their non-prototypical counterparts.

Figure 4.14] shows the frequency maps of participants for the perturbed shapes.
Interestingly, we observed that participants scanned the non-prototypical shapes as
if they were scanning the prototypical shapes, demonstrating again a perceptual bias

for the prototypical shapes.

(a) Negative Triangle (b) Positive Square  (c) Negative Pentagon

(d) Negative Hexagon (e) Positive Octagon

Figure 4.14: Frequency maps of randomly selected trials of participants for per-

turbed shapes.
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Temporal Analysis

We investigated the scanning strategies used by the participants to explore the
virtual shapes displayed on the touch surface. Our results showed that the most
common starting strategy adopted by the participants was global scanning with
exploratory movement as horizontal for the prototypical (37%) and the positive
(46%) shapes and local-corner-finding (54%) for the negative shapes (Figure [4.15al).
Participants have ended their exploration with local-edge-finding (47.57%) for the
prototypical shapes and global-others (39%) for the non-prototypical shapes (Figure
[1.15B). The most common exploration strategy was local-edge-finding (38.28%) fol-
lowed by local-corner-finding (29.31%) for the prototypical shapes and local-corner-
finding (38%) for the non-prototypical shapes followed by local-edge-finding (22%)
(Figure . The least explored strategy was global-vertical for both the proto-
typical (3%) and non-prototypical shapes (2%).
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Figure 4.15: (a) Starting (a), ending (b), and most/least explored (c) strategies

utilized for prototypical and non-prototypical shapes for all participants.
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We observed that participants utilized global scanning first and then focused on
the local features to identify the prototypical shapes. However, for the case of non-
prototypical shapes, they started with global scanning, then focused on the local
features, and finally performed global scanning again to confirm their decision.

We also observed that participants spent most of their exploration time on scan-
ning the local features to identify the shapes. This observation can be further
confirmed by Figure As the number of edges was increased, it was more diffi-
cult for the participants to identify the shapes, and hence, they relied on the local

features more to distinguish them.
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Figure 4.16: The ratio of exploration time spent for local scanning to global scan-

ning for prototypical and non-prototypical shapes.

4.4 Discussion

In this study, we first investigated the effects of (a) number of edges, (b) rendering
conditions, and (c¢) angular orientation on recognition accuracy and recognition time
of the 2D equilateral geometrical shapes displayed by electrovibration on a touch-

screen. Then, we investigated the exploration strategies followed by the participants
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to explore these shapes by analyzing their finger position recorded as a function of

time.

4.4.1  Complexity of Geometry Affects the Tactile Perception of Virtual 2D Shapes

The results of Experiment-I showed that recognition rate was inversely proportional
to the number of edges (except for octagon), and recognition time was directly pro-
portional to the number of edges. Our analysis suggested that participants utilized
the same scanning patterns to explore the shapes that looked alike and therefore
confused them. For example, the top and bottom edges of prototypical hexagon
and octagon are similar and parallel to the horizontal axis. The main difference
between these geometries is on their left and right sides. Simply speaking, the dis-
played shape is a hexagon (octagon), when there is a corner (edge) on each side.
The participants had difficulty in differentiating shapes using such local features
as the geometric complexity was increased. Despite this difficulty, the participants
were better in recognizing octagon than hexagon, which we believe was due to some
perceptual bias.

In fact, the results of Experiment-II confirmed the perceptual bias reported in
Experiment-I. We observed that the recognition rate for all non-prototypical shapes
dropped significantly as the number of edges was increased. Triangle (3) had the
highest recognition rate, while octagon (8) had the lowest. Considering the confusion
matrices for the non-prototypical shapes (Figure [£.13b] [£.13d), we speculate that
displaying more than five edges makes the recognition task highly difficult since
false negatives was greater than true positives for the shapes higher than five edges
(hexagon, octagon). As the number of edges in a shape increases, it becomes more
difficult to form a mental image of the shape due to the amount of information that
has to be processed in the brain, limiting the ability to identify the shape correctly.
[Tennison and Gorlewicz, 2016| reported that participants could identify 2D shapes
with up to four edges when they were rendered by vibrotactile actuators.

The participants in our second experiment achieved higher recognition rates in
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shorter recognition time for the prototypical shapes than the non-prototypical ones
due to the mental rotation effect [Shepard and Metzler, 1971]. Similar results were
also reported in the literature for the mental rotation experiments conducted with
different types of stimuli [Milivojevic et al., 2011, Theurel et al., 2012, |Zeugin et al.,
2017, Tivadar et al., 2019]. [Theurel et al., 2012] also observed a prototype effect in
their experiments conducted with congenitally blind and blindfolded adolescents on
the haptic recognition of geometrical shapes. The authors suggested that the early
exposure of the participants to these prototypical shapes in their visual environment
was the leading cause of this effect. The lower recognition rate and longer recognition
time of non-prototypical shapes also linked to the fact that participants exhibited
difficulty tracing edges of the tactile shapes and detecting their orientation when they
deviated from the horizontal and vertical orientation [Giudice et al., 2012, Palani

and Giudice, 2014] Gershon et al., 2016].

4.4.2  Size of Haptically Active Area Affects the Tactile Perception of Virtual 2D
Shapes

The results of our first experiment showed that participants spent less time recog-
nizing the prototypical shapes when they were rendered by using Inside condition.
Frequency maps for the shapes in Figure highlighted that participants explored
the corners and edges to identify the prototypical shapes. By inspection, we can
say that they formed a decision about the shape that they were exploring after the
third or fourth edge. They focused on exploring the edges during Inside and Out-
side rendering conditions and the corners in the case of Edge rendering condition to
identify the rendered shape.

Participants achieved the shortest recognition time under Inside rendering con-
dition. This result suggests that a larger haptically active area (where the electrovi-
bration is on) leads to shorter recognition time. However, a good balance between
haptically active and inactive areas must be maintained as suggested by |Gorlewicz

et al., 2020]. They report that too much mechanical vibration on the touchscreen
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results in confusion and too little makes the interpretation of the tactile graphics
challenging. Therefore, haptics application designers should guide the users by des-
ignating haptically active and inactive areas. For example, in our experiments, we
guided the participants towards the haptically active area by visually displaying a
circle with a diameter of 15 cm around the rendered shape. As a result, it was more
easier for the participants to explore the designated area and identify the rendered
shape. All our shapes fitted into an invisible circle of 10 ¢cm in diameter, which was

large enough for the participants to recognize them correctly.

4.4.8 Haptic Fxploratory Procedures for Tactile Shapes

We observed differences in exploration strategies employed by the participants for
the prototypical and non-prototypical shapes. Our analyses demonstrated that par-
ticipants initially started their exploration with global scanning for both the proto-
typical and non-prototypical shapes to get an overall idea about the examined shape.
They then switched to local scanning to discover its key features distinguishing the
rendered shape from the other alternatives. For the prototypical shapes, they fo-
cused more on the edge-finding strategy. Possibly, it was easy for the participants
to find and count the edges of the shapes at typical orientations. However, for the
non-prototypical shapes, participants employed a corner-finding strategy because it
was challenging for them to follow the edges. Furthermore, we observed that par-
ticipants eventually performed another global scanning at the end of exploration
for the non-prototypical shapes to confirm their decision. Similar strategies have
been reported by |[Bara, 2014] for the exploration of tactile pictures in a real book
by visually impaired children. They reported that lateral motion was the preferred
strategy to obtain global information about the shapes, and contour-following was
opted by the children to perceive them accurately. [Simonnet and Vieilledent, 2012]
and [Bardot et al., 2019 referred to the initial exploration of tactile maps, where
participants obtained the overall idea about the map, as the investigation or discov-

ery phase. When participants explored the maps in a particular way by following
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some specific strategies to complete the given task, they called this as the memoriza-
tion phase. [Tennison and Gorlewicz, 2016] and [Gorlewicz et al., 2020] mentioned
that users employed “circling a part of a line” strategy to determine the number and
orientation of intersecting lines. This strategy was similar to the local-corner-finding
strategy used by the participants in our study.

Frequency maps in Figure revealed an interesting finding. The fingers of
most participants in our second experiment traced the non-prototypical shapes as if
they were scanning the prototypical ones. One potential reason is the perceptual bias
for the prototypical shapes as mentioned before. Participants could have formed a
spatial representation of each prototypical shape when visual feedback was provided
to them during the training session. Although the shapes were not displayed visually
during the actual experiments, participants traced the shapes using their index finger
based on the information stored in their spatial memory. We believe that current
limitations of the electrovibration technology also contributed to this behavior. Since
SA-I receptors in fingerpad, responsible for detecting changes in static pressure,
cannot be stimulated by electrovibration [igleyen et al., 2019|, the participants had to
make zig-zag movements along an edge to follow it, which was not easy especially for
the non-prototypical shapes. The temporal analysis also showed that edge-following
was the least preferred strategy among the participants for both the prototypical

and non-prototypical shapes.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This thesis presented a new approach for rendering realistic button click sensation
and investigated the strategies utilized by the participants to explore tactile graphics
on touchscreens using surface haptics technologies. The motivation behind this work
comes from the increased usage of touchscreen devices such as smartphones, tablets,
kiosks, ATMs etc. in our daily routine. Although technological advancements have
improved the quality of such devices, their usefulness remains confined to basic user
interactions with limited tactile feedback to the user. Currently, these surfaces can
generate only monotonic vibrations in response to users’ actions. However, it is pos-
sible to display programmable and more sophisticated tactile feedback using surface
haptics techniques, which is necessary for more natural and intuitive interaction.
In chapter 3|, we investigated how to create tactile feedback on touchscreens that
simulates the feelings of physical buttons. Although pressing and turning on/off
a button is a simple physical interaction in our daily life, imitating it in a digital
world, especially on touchscreens, appears to be more difficult. In fact, this is not
surprising if we look at this simple physical interaction more carefully. First, our
experimental data of acceleration and force quickly reveals that each button has
distinct response characteristics (see Figure . Second, the identification of sub-
events and their timing are important (for example, the Latch Button in our study
is activated in two stages with a certain time interval between them, see Figure|3.7)).
Third, the instant of button activation with respect to the acceleration profile is

critical for proper rendering of digital buttons on touchscreens (again, for example,
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Latch Button is activated quite late compared to others, see Figure . When
humans interact with the physical buttons in the real world, they receive kinesthetic
haptic feedback, which is not possible yet to replicate in the digital world on a
touchscreen. Currently, only tactile haptic feedback can be displayed through a
touchscreen in the form of vibrotactile stimulus as it is done in this study or friction
modulation via ultrasonic or electrostatic actuation as in other studies conducted
in our research laboratory [Saleem et al., 2018, Vardar et al., 2017b, |Vardar et al.,
2018]. Hence, for example, it is highly difficult to convey the springiness of a physical
button via tactile feedback on a touchscreen (Push Button in our study is a good
example of this case).

Moreover, humans are good at controlling force in their daily interactions with
physical objects, and buttons are no exception for this. For example, we know ex-
actly how much pressure to apply to turn on/off a light switch in the real world.
In particular, the accumulated pressure is related to the activation and deactivation
instant and period of a button. It is also important to note here that there are
also differences between the magnitude of force/pressure applied by the individuals
(see Figure . Since it is highly difficult to measure contact forces in systems
utilizing a touch surface, the earlier studies have mostly ignored the role of accumu-
lated force/pressure in tactile rendering of digital buttons. In our study, we relate
finger contact force with the contact area and activate a digital button based on
the instantaneous finger contact area of the participant, which is measured by an
infrared camera during real-time interaction. The digital button is activated when
the participant applies sufficient pressure to the touchscreen with her/his finger such
that the instantaneous contact area exceeds the pre-determined threshold value.

Even though we paid attention to the details discussed above in order to imitate
the feelings of physical buttons realistically, our results show that participants were
able to match digital buttons with their physical counterparts on only four adjective
pairs. This might be related to the kinesthetic feedback displayed by the physical

buttons and also their physical dimensions and surface textures, which may affect the
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pressure distribution and friction on the finger. Also, we were not able to stimulate
all the mechanoreceptors that were stimulated when interacting with the physical
buttons. For example, (Slow Adapting) SA-I is responsible for detection of edges,
intensity, and pressure which was not stimulated when interacting with the digital
buttons.

In chapter 4] we investigated how participants explore tactile shapes on touch
surfaces under electrovibration. In particular, we investigated the complexity of
displayed geometry and the size of haptically active area on perception of tactile
shapes as well as the haptic exploratory procedures that enable to perceive them. In
addition to measuring recognition rate and time, we performed spatial and temporal
analyses on the collected finger position data in order to investigate the exploratory
strategies.

We observed that the recognition rate is inversely proportional to the complexity
of shape. As the number of edges was increased, it became more difficult for the
participants to recognize the tactile shape rendered by electrovibration. Our results
showed that rendering 2D shapes with more than five edges causes the recognition
rate to drop significantly and become unreliable (the true positives were less than
the false negatives).

Furthermore, our results showed that the size of the haptically active area affects
the perception of shape. Participants in our experiments were able to identify the
displayed shapes faster when the haptically active area was larger, as in Inside
rendering condition. In Fdge rendering condition, there were many white spaces
(haptically inactive areas), and therefore, participants spent the longest time for
recognizing the shapes. They had to depend on the corners during Edge rendering
condition owing to the fact that the haptically active area was smaller, and it was
not easy to detect/follow the edges of the shapes. As a result, participants counted
the corners (or the number of intersecting edges) by circling around them.

Analysis of exploration strategies exhibited that participants did not rely on

a single strategy to explore the shapes. Moreover, they employed different explo-
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ration procedures for the prototypical and non-prototypical shapes. They started
their exploration with global scanning to identify the shapes’ global features and
then switched to local scanning to focus on the shape’s key features for the ex-
ploration of prototypical shapes. However, in the case of non-prototypical shapes,
they performed an additional global scanning at the end of exploration to confirm
their decision. We also found that participants preferred the corner-finding over
the edge-finding for the non-prototypical shapes because it was challenging to de-
tect and follow the tilted edges of those shapes compared to detecting their corners.
Tactile masking techniques could be utilized to increase tactile contrast and make
the detection of edges easier as suggested in [Vardar et al., 2018, but following them
would still be challenging. Here, it should be noted again that the exploration of
2D shapes embossed on a paper stimulates (Slow-Adapting) SA-I receptors, which
is not possible under electrovibration. These receptors are primarily responsible for
detecting changes in static pressure in normal direction, which enables us to detect
edges of real shapes and objects easily. This also makes it possible to follow the
edges/contours of real shapes and objects even when no visual feedback is available.
However, edge-following was the least preferred local exploration strategy by the
participants in our study since electrovibration modulates frictional forces in tan-
gential direction only and hence the participants had to make zig-zag movements to

follow an edge (i.e. they could not stay on the edge).

5.2 Future Work

5.2.1 Rendering Variety of Digital Widgets

In our thesis, we focused on the tactile rendering of digital buttons based on the
data originating from their physical counterparts using vibrotactile actuation on a
touchscreen. In the future, we will focus on the haptic display of a variety of digital
widgets such as slider and knob by replicating the distinct response characteristics

of their physical counterparts.
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5.2.2  Multi-Modal Systems

In this thesis, we first utilized vibrotactile actuation to render digital buttons and
then electrovibration to render tactile shapes on touch surfaces. In the future,
we will investigate the benefits of multi-modal approach in tactile rendering by
integrating electrovibration with electromechanical actuation on a single platform.
For example, it is possible to display multi-modal tactile feedback (vibration in the
normal direction and friction force in the tangential direction) for rendering digital
slider and knob. Once these digital controls are designed, and tested through user
studies, they can be integrated into various applications such as gaming, education,

and data visualization.

5.2.3 Rendering of Digital Buttons on Different Locations

In this thesis, we rendered the digital buttons on a fixed location using one piezo
patch (PA) on HapTable. However, investigating the change in tactile perception
when these digital buttons are rendered on different locations using different reso-

nance frequencies on the HapTable would be an interesting future work.

5.2.4 Tactile Shapes using Multi-Finger

In this thesis, our second study was limited to a single point of contact during
exploration of tactile shapes on a touchscreen. Investigation of the exploration
strategies employed by the users while exploring tactile shapes on a multitouch
interaction surface requires another comprehensive research study. This multi-finger

approach may lead to more accurate and faster recognition of virtual shapes.



Bibliography 80

BIBLIOGRAPHY

[Alexander et al., 2014] Alexander, J., Hardy, J., and Wattam, S. (2014). Charac-
terising the physicality of everyday buttons. In Proceedings of the Ninth ACM

International Conference on Interactive Tabletops and Surfaces, pages 205-208.

[Apple, 2021] Apple (2021). Haptics - user interaction - iOS - human interface
guidelines - apple developer. Available online: https://developer.apple.com/
design/human-interface-guidelines/ios/user-interaction/haptics/.

(accessed July 14, 2021).

[Awada et al., 2013] Awada, A., Issa, Y. B., Tekli, J., and Chbeir, R. (2013). Eval-
uation of touch screen vibration accessibility for blind users. In Proceedings of the
15th International ACM SIGACCESS Conference on Computers and Accessibil-
ity, pages 1-2.

[Bahrin et al., 2019] Bahrin, M. I. H. S., Yusof, H. M., and Na’im Sidek, S. (2019).
Tactile graphics exploration studies using fingertip tracking based on colour mark-
ers detection for visually impaired people. In 7th International Conference on

Mechatronics Engineering (ICOM), pages 1-6. IEEE.

[Bai and Tsai, 2011] Bai, M. R. and Tsai, Y. K. (2011). Impact localization com-
bined with haptic feedback for touch panel applications based on the time-reversal

approach. The Journal of the Acoustical Society of America, 129(3):1297-1305.

[Banter, 2010] Banter, B. (2010). Touch screens and touch surfaces are enriched by
haptic force-feedback. Information Display, 26(3):26-30.


https://developer.apple.com/design/human-interface-guidelines/ios/user-interaction/haptics/
https://developer.apple.com/design/human-interface-guidelines/ios/user-interaction/haptics/

Bibliography 81

[Bara, 2014] Bara, F. (2014). Exploratory procedures employed by visually im-
paired children during joint book reading. Journal of Developmental and Physical

Disabilities, 26(2):151-170.

[Bardot et al., 2017] Bardot, S., Serrano, M., Oriola, B., and Jouffrais, C. (2017).
Identifying how visually impaired people explore raised-line diagrams to improve
the design of touch interfaces. In Proceedings of the 2017 CHI Conference on

Human Factors in Computing Systems, pages 550-555.

[Bardot et al., 2019] Bardot, S., Serrano, M., Perrault, S., Zhao, S., and Jouffrais,
C. (2019). Investigating feedback for two-handed exploration of digital maps
without vision. In IFIP Conference on Human-Computer Interaction, pages 305—

324. Springer.

[Basdogan et al., 2020] Basdogan, C., Giraud, F., Levesque, V., and Choi, S. (2020).
A review of surface haptics: Enabling tactile effects on touch surfaces. IEEFE

Transactions on Haptics, 13(3):450-470.

[Bateman et al., 2018] Bateman, A., Zhao, O. K., Bajcsy, A. V., Jennings, M. C.,
Toth, B. N., Cohen, A. J., Horton, E. L., Khattar, A., Kuo, R. S., Lee, F. A., et al.
(2018). A user-centered design and analysis of an electrostatic haptic touchscreen

system for students with visual impairments. International Journal of Human-

Computer Studies, 109:102-111.

[Bau et al., 2010] Bau, O., Poupyrev, 1., Israr, A., and Harrison, C. (2010). Tes-
laTouch: Electrovibration for touch surfaces. In Proceedings of the 23rd Annual

ACM Symposium on User Interface Software and Technology, pages 283-292.

[Berndt and Clifford, 1994] Berndt, D. J. and Clifford, J. (1994). Using dynamic
time warping to find patterns in time series. In Workshop on Knowledge Discovery

in Databases, volume 10, pages 359-370.



Bibliography 82

[Biet et al., 2007] Biet, M., Giraud, F., and Lemaire-Semail, B. (2007). Squeeze
film effect for the design of an ultrasonic tactile plate. IEEE Transactions on

Ultrasonics, Ferroelectrics, and Frequency Control, 54(12):2678-2688.

[Brewster et al., 2007] Brewster, S., Chohan, F., and Brown, L. (2007). Tactile
feedback for mobile interactions. In Proceedings of the SIGCHI Conference on

Human Factors in Computing Systems, pages 159-162.

[Chen et al., 2011] Chen, H.-Y., Park, J., Dai, S., and Tan, H. Z. (2011). Design and
evaluation of identifiable key-click signals for mobile devices. IEFE Transactions

on Haptics, 4(4):229-241.

[Choi and Kuchenbecker, 2012] Choi, S. and Kuchenbecker, K. J. (2012). Vibrotac-
tile display: Perception, technology, and applications. Proceedings of the IEEFE,
101(9):2093-2104.

[Chubb et al., 2010] Chubb, E. C., Colgate, J. E., and Peshkin, M. A. (2010). Shiv-
erpad: A glass haptic surface that produces shear force on a bare finger. IFEE
Transactions on Haptics, 3(3):189-198.

[Colton and Hollerbach, 2007] Colton, M. B. and Hollerbach, J. M. (2007). Reality-
based haptic force models of buttons and switches. In IEEE International Con-

ference on Robotics and Automation, pages 497-502.

[Costes et al., 2020] Costes, A., Danieau, F., Argelaguet, F., Guillotel, P., and
Lécuyer, A. (2020). Towards haptic images: A survey on touchscreen-based sur-

face haptics. IEEE Transactions on Haptics, 13(3):530-541.

[Crossan and Brewster, 2008] Crossan, A. and Brewster, S. (2008). Multimodal tra-
jectory playback for teaching shape information and trajectories to visually im-
paired computer users. ACM Transactions on Accessible Computing (TACCESS),
1(2):1-34.



Bibliography 83

[Culbertson et al., 2014a] Culbertson, H., Delgado, J. J. L., and Kuchenbecker,
K. J. (2014a). One hundred data-driven haptic texture models and open-source
methods for rendering on 3D objects. In Haptics Symposium (HAPTICS), IEEE,
pages 319-325.

[Culbertson et al., 2014b] Culbertson, H., Unwin, J., and Kuchenbecker, K. J.
(2014b). Modeling and rendering realistic textures from unconstrained tool-

surface interactions. IEEE Transactions on Haptics, 7(3):381-393.

[Delhaye et al., 2014] Delhaye, B., Lefevre, P., and Thonnard, J.-L. (2014). Dynam-
ics of fingertip contact during the onset of tangential slip. Journal of The Royal
Society Interface, 11(100):20140698.

[Dhiab and Hudin, 2020] Dhiab, A. B. and Hudin, C. (2020). Confinement of vi-
brotactile stimuli in narrow plates: Principle and effect of finger loading. IFEE

Transactions on Haptics, 13(3):471-482.

[Ducasse et al., 2018] Ducasse, J., Brock, A. M., and Jouffrais, C. (2018). Accessible
interactive maps for visually impaired users. In Mobility of Visually Impaired
People: Fundamentals and ICT Assistive Technologies, pages 537-584. Springer

International Publishing.

[Emgin et al., 2018] Emgin, S. E., Aghakhani, A., Sezgin, T. M., and Basdogan,
C. (2018). HapTable: An interactive tabletop providing online haptic feedback

for touch gestures. IEEE Transactions on Visualization and Computer Graphics,

25(9):2749-2762.

[Fawcett, 2006] Fawcett, T. (2006). An introduction to ROC analysis. Pattern
Recognition Letters, 27(8):861-874.

[Foehrenbach et al., 2009] Foehrenbach, S., Konig, W. A., Gerken, J., and Reiterer,



Bibliography 84

H. (2009). Tactile feedback enhanced hand gesture interaction at large, high-
resolution displays. Journal of Visual Languages & Computing, 20(5):341-351.

[Fukumoto and Sugimura, 2001] Fukumoto, M. and Sugimura, T. (2001). Active
click: Tactile feedback for touch panels. In CHI’01 Eztended Abstracts on Human

Factors in Computing Systems, pages 121-122.

[Gershon et al., 2016] Gershon, P., Klatzky, R. L., Palani, H., and Giudice, N. A.
(2016). Visual, tangible, and touch-screen: comparison of platforms for displaying

simple graphics. Assistive Technology, 28(1):1-6.

[Giudice et al., 2012] Giudice, N. A., Palani, H. P., Brenner, E., and Kramer, K. M.
(2012). Learning non-visual graphical information using a touch-based vibro-audio
interface. In Proceedings of the 14th International ACM SIGACCESS Conference
on Computers and Accessibility, pages 103—110.

[Goncu and Marriott, 2011] Goncu, C. and Marriott, K. (2011). GraVVITAS:
Generic multi-touch presentation of accessible graphics. In IFIP Conference on

Human-Computer Interaction, pages 30—48. Springer.

[Gorlewicz et al., 2014] Gorlewicz, J. L., Burgner, J., Withrow, T. J., and Web-
ster III, R. J. (2014). Initial experiences using vibratory touchscreens to display
graphical math concepts to students with visual impairments. Journal of Special

Education Technology, 29(2):17-25.

[Gorlewicz et al., 2020] Gorlewicz, J. L., Tennison, J. L., Uesbeck, P. M., Richard,
M. E., Palani, H. P.; Stefik, A., Smith, D. W., and Giudice, N. A. (2020). De-
sign guidelines and recommendations for multimodal, touchscreen-based graphics.

ACM Transactions on Accessible Computing (TACCESS), 13(3):1-30.

|Griffin, 2001] Griffin, A. L. (2001). Feeling it out: the use of haptic visualization
for exploratory geographic analysis. Cartographic Perspectives, (39):12-29.



Bibliography 85

[Grussenmeyer and Folmer, 2017] Grussenmeyer, W. and Folmer, E. (2017). Acces-
sible touchscreen technology for people with visual impairments: a survey. ACM

Transactions on Accessible Computing (TACCESS), 9(2):1-31.

[Guerreiro et al., 2015] Guerreiro, T., Montague, K., Guerreiro, J., Nunes, R., Nico-
lau, H., and Gongalves, D. J. (2015). Blind people interacting with large touch
surfaces: Strategies for one-handed and two-handed exploration. In Proceedings
of the 2015 International Conference on Interactive Tabletops & Surfaces, pages
25-34.

[Heller et al., 2002] Heller, M. A., Brackett, D. D., Scroggs, E., Steffen, H.
Heatherly, K., and Salik, S. (2002). Tangible pictures: Viewpoint effects and
linear perspective in visually impaired people. Perception, 31(6):747-769.

[Hoggan et al., 2008a] Hoggan, E., Brewster, S. A., and Johnston, J. (2008a). In-
vestigating the effectiveness of tactile feedback for mobile touchscreens. In Pro-
ceedings of the SIGCHI Conference on Human Factors in Computing Systems,
pages 1573-1582.

[Hoggan et al., 2008b] Hoggan, E., Kaaresoja, T., Laitinen, P., and Brewster, S.
(2008b). Crossmodal congruence: the look, feel and sound of touchscreen widgets.
In Proceedings of the 10th International Conference on Multimodal Interfaces,

pages 157-164.

[Hover et al., 2010] Hover, R., Luca, M. D., and Harders, M. (2010). User-based
evaluation of data-driven haptic rendering. ACM Transactions on Applied Per-

ception (TAP), 8(1):7.

[Hudin et al., 2015] Hudin, C., Lozada, J., and Hayward, V. (2015). Localized tac-
tile feedback on a transparent surface through time-reversal wave focusing. IFEFE

Transactions on Haptics, 8(2):188-198.



Bibliography 86

[Hwang et al., 2021] Hwang, 1., Kim, H. J., Mun, S., Yun, S., and Kang, T. J.
(2021). A light-driven vibrotactile actuator with a polymer bimorph film for
localized haptic rendering. ACS Applied Materials & Interfaces, 13(5):6597-6605.

[llkhani et al., 2017] Ilkhani, G., Aziziaghdam, M., and Samur, E. (2017). Data-
driven texture rendering on an electrostatic tactile display. International Journal

of Human Computer Interaction, 33(9):756-770.

[Isleyen et al., 2019] Isleyen, A., Vardar, Y., and Basdogan, C. (2019). Tactile
roughness perception of virtual gratings by electrovibration. IEEE Transactions

on Haptics, 13(3):562-570.

[Israr et al., 2012] Israr, A., Bau, O., Kim, S.-C., and Poupyrev, I. (2012). Tactile
feedback on flat surfaces for the visually impaired. In CHI’12 Ezxtended Abstracts

on Human Factors in Computing Systems, pages 1571-1576.

[Jiao et al., 2018] Jiao, J., Zhang, Y., Wang, D., Visell, Y., Cao, D., Guo, X., and
Sun, X. (2018). Data-driven rendering of fabric textures on electrostatic tactile

displays. In 2018 IEEE Haptics Symposium (HAPTICS), pages 169-174. IEEE.

[Johnson and Johnson, 1987] Johnson, K. L. and Johnson, K. L. (1987). Contact

mechanics. Cambridge University Press.

[Jones and Sarter, 2008] Jones, L. A. and Sarter, N. B. (2008). Tactile displays:
Guidance for their design and application. Human Factors, 50(1):90-111.

[Kaaresoja et al., 2014] Kaaresoja, T., Brewster, S., and Lantz, V. (2014). Towards
the temporally perfect virtual button: touch-feedback simultaneity and perceived

quality in mobile touchscreen press interactions. ACM Transactions on Applied

Perception (TAP), 11(2):9.



Bibliography 87

[Kaaresoja, 2016] Kaaresoja, T. J. (2016). Latency guidelines for touchscreen virtual
button feedback. PhD thesis, University of Glasgow.

[Kennedy, 1993] Kennedy, J. M. (1993). Drawing & the blind: Pictures to touch.

Yale University Press.

[Kim et al., 2012] Kim, J. R., Dai, X., Cao, X., Picciotto, C., Tan, D., and Tan,
H. Z. (2012). A masking study of key-click feedback signals on a virtual key-
board. In International Conference on Human Haptic Sensing and Touch Enabled

Computer Applications, pages 247-257.

1m and Tan, m, J. R. and Tan, H. Z. . study of touch typing

Ki d Tan, 2014] Kim, J. R. and Tan, H. Z. (2014). A study of h i
performance with keyclick feedback. In Haptics Symposium (HAPTICS), IEEE,
pages 227-233.

[Kim et al., 2021] Kim, K., Jeong, J.-H., Cho, J.-H., Kim, S., Kang, J., Ryu, J., and
Lee, S.-W. (2021). Development of a human-display interface with vibrotactile

feedback for real-world assistive applications. Sensors, 21(2):592.

[Kim and Lee, 2013] Kim, S. and Lee, G. (2013). Haptic feedback design for a
virtual button along force-displacement curves. In Proceedings of the 26th annual

ACM Symposium on User Interface Software and Technology, pages 91-96.

[Kim et al., 2013] Kim, S.-C., Israr, A., and Poupyrev, I. (2013). Tactile rendering of
3D features on touch surfaces. In Proceedings of the 26th annual ACM symposium

on User Interface Software and Technology, pages 531-538.

[Klatzky et al., 1987] Klatzky, R. L., Lederman, S. J., and Reed, C. (1987). There’s
more to touch than meets the eye: The salience of object attributes for haptics

with and without vision. Journal of Exzperimental Psychology: general, 116(4):356.



Bibliography 88

[Klatzky et al., 2019] Klatzky, R. L., Nayak, A., Stephen, I., Dijour, D., and Tan,
H. Z. (2019). Detection and identification of pattern information on an electro-

static friction display. IFEE Transactions on Haptics, 12(4):665-670.

[Koskinen et al., 2008] Koskinen, E., Kaaresoja, T., and Laitinen, P. (2008). Feel-
good touch: finding the most pleasant tactile feedback for a mobile touch screen

button. In Proceedings of the 10th International Conference on Multimodal Inter-

faces, pages 297-304.

[Landis and Koch, 1977] Landis, J. R. and Koch, G. G. (1977). The measurement

of observer agreement for categorical data. Biometrics, pages 159-174.

[Lederman and Klatzky, 1993] Lederman, S. J. and Klatzky, R. L. (1993). Extract-
ing object properties through haptic exploration. Acta psychologica, 84(1):29-40.

[Lee and Zhai, 2009] Lee, S. and Zhai, S. (2009). The performance of touch screen
soft buttons. In Proceedings of the SIGCHI Conference on Human Factors in

Computing Systems, pages 309-318.

[Lindblom, 2013] Lindblom, J. (May 7, 2013). Switch Basics. https://learn.
sparkfun.com/tutorials/button-and-switch-basics/all, Last Accessed on

June 09, 2021.

[Liu et al., 2018] Liu, Q., Tan, H. Z., Jiang, L., and Zhang, Y. (2018). Perceptual
dimensionality of manual key clicks. In Haptics Symposium (HAPTICS), IEEE,
pages 112-118.

[Lylykangas et al., 2011] Lylykangas, J., Surakka, V., Salminen, K., Raisamo, J.,
Laitinen, P., Ronning, K., and Raisamo, R. (2011). Designing tactile feedback for
piezo buttons. In Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems, pages 3281-3284.


https://learn.sparkfun.com/tutorials/button-and-switch-basics/all
https://learn.sparkfun.com/tutorials/button-and-switch-basics/all

Bibliography 89

[Ma et al., 2015] Ma, Z., Edge, D., Findlater, L., and Tan, H. Z. (2015). Hap-
tic keyclick feedback improves typing speed and reduces typing errors on a flat

keyboard. In IEEE World Haptics, pages 220-227.

[Magnuson and Rassmus-Gréhn, 2003] Magnuson, C. and Rassmus-Grohn, K.
(2003). Non-visual zoom and scrolling operations in a virtual haptic environ-

ment. In Proc. Eurohaptics.

[McGookin and Brewster, 2006] McGookin, D. K. and Brewster, S. A. (2006). Mul-
tiVis: Improving access to visualisations for visually impaired people. In CHI’06

Extended Abstracts on Human Factors in Computing Systems, pages 267-270.

[Messaoud et al., 2016] Messaoud, W. B., Bueno, M.-A., and Lemaire-Semail, B.
(2016). Textile fabrics’ texture: From multi-level feature extraction to tactile
simulation. In International Conference on Human Haptic Sensing and Touch

Enabled Computer Applications, pages 294-303. Springer.

[Meyers et al., 2016] Meyers, L. S., Gamst, G., and Guarino, A. J. (2016). Applied

multivariate research: Design and interpretation. Sage Publications.

[Milivojevic et al., 2011] Milivojevic, B., Hamm, J. P.,; and Corballis, M. C. (2011).
About turn: How object orientation affects categorisation and mental rotation.

Neuropsychologia, 49(13):3758-3767.

[Monnoyer et al., 2016] Monnoyer, J., Diaz, E., Bourdin, C., and Wiertlewski, M.
(2016). Ultrasonic friction modulation while pressing induces a tactile feedback. In
International Conference on Human Haptic Sensing and Touch Enabled Computer

Applications, pages 171-179.

[Mullenbach et al., 2014] Mullenbach, J., Shultz, C., Colgate, J. E., and Piper,

A. M. (2014). Exploring affective communication through variable-friction sur-



Bibliography 90

face haptics. In Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems, pages 3963-3972.

[Miller-Tomfelde, 2010] Miller-Tomfelde, C. (2010). Tabletops-Horizontal Interac-

tive Displays. Springer Science & Business Media.

[Murray et al., 2003] Murray, A. M., Klatzky, R. L., and Khosla, P. K. (2003).
Psychophysical characterization and testbed validation of a wearable vibrotac-
tile glove for telemanipulation. Presence: Teleoperators € Virtual Environments,

12(2):156-182.

[Nashel and Razzaque, 2003] Nashel, A. and Razzaque, S. (2003). Tactile virtual
buttons for mobile devices. In CHI'03 Extended Abstracts on Human Factors in

Computing Systems, pages 854-855.

[Okamura et al., 2001] Okamura, A. M., Cutkosky, M. R., and Dennerlein, J. T.
(2001). Reality-based models for vibration feedback in virtual environments.

IEEE/ASME Transactions on Mechatronics, 6(3):245-252.

[Osgouei et al., 2016] Osgouei, R. H., Kim, J. R., and Choi, S. (2016). Identification
of primitive geometrical shapes rendered using electrostatic friction display. In

2016 IEEE Haptics Symposium (HAPTICS), pages 198-204. IEEE.

[Osgouei et al., 2017] Osgouei, R. H., Kim, J. R., and Choi, S. (2017). Improving
3D shape recognition with electrostatic friction display. IEEFE Transactions on

Haptics, 10(4):533-544.

[Osgouei et al., 2018] Osgouei, R. H., Shin, S., Kim, J. R., and Choi, S. (2018). An
inverse neural network model for data-driven texture rendering on electrovibration

display. In 2018 IEEE Haptics Symposium (HAPTICS), pages 270-277. IEEE.



Bibliography 91

[O’Modhrain et al., 2015] O’Modhrain, S., Giudice, N. A., Gardner, J. A., and
Legge, G. E. (2015). Designing media for visually-impaired users of refresh-
able touch displays: Possibilities and pitfalls. IEEE Transactions on Haptics,
8(3):248-257.

[Pakkanen et al., 2010] Pakkanen, T., Raisamo, R., Raisamo, J., Salminen, K., and
Surakka, V. (2010). Comparison of three designs for haptic button edges on
touchscreens. In Haptics Symposium, IEEFE, pages 219-225.

[Palani and Giudice, 2014] Palani, H. and Giudice, N. A. (2014). Evaluation of non-
visual panning operations using touch-screen devices. In Proceedings of the 16th
International ACM SIGACCESS Conference on Computers € Accessibility, pages
293-294.

[Palani et al., 2018] Palani, H. P., Tennison, J. L., Giudice, G. B., and Giudice,
N. A. (2018). Touchscreen-based haptic information access for assisting blind
and visually-impaired users: Perceptual parameters and design guidelines. In
International Conference on Applied Human Factors and Ergonomics, pages 837—

847. Springer.

[Paneels and Roberts, 2009] Paneels, S. and Roberts, J. C. (2009). Review of de-
signs for haptic data visualization. IEEE Transactions on Haptics, 3(2):119-137.

ark et al., ark, G., Choi, S., Hwang, K., Kim, S., Sa, J., and Joung, M.
Park 1., 2011] Park, G., Choi, S., H K., Kim, S., Sa, J dJ M
(2011). Tactile effect design and evaluation for virtual buttons on a mobile de-
vice touchscreen. In Proceedings of the 13th International Conference on Human

Computer Interaction with Mobile Devices and Services, pages 11-20.

[Petrie et al., 2002] Petrie, H., Schlieder, C., Blenkhorn, P., Evans, G., King, A.,
O’Neill, A.-M., Toannidis, G. T., Gallagher, B., Crombie, D., Mager, R., et al.
(2002). Tedub: A system for presenting and exploring technical drawings for



Bibliography 92

blind people. In International Conference on Computers for Handicapped Persons,

pages 537-539. Springer.

[Poppinga et al., 2011] Poppinga, B., Magnusson, C., Pielot, M., and Rassmus-
Grohn, K. (2011). Touchover map: audio-tactile exploration of interactive maps.
In Proceedings of the 13th International Conference on Human Computer Inter-

action with Mobile Devices and Services, pages 545—550.

[Romano and Kuchenbecker, 2012] Romano, J. M. and Kuchenbecker, K. J. (2012).
Creating realistic virtual textures from contact acceleration data. IEEE Transac-

tions on Haptics, 5(2):109-119.

[Rovira et al., 2011] Rovira, K., Deschamps, L., and Baena-Gomez, D. (2011). Men-
tal rotation in blind and sighted adolescents: The effects of haptic strategies.
FEuropean Review of Applied Psychology, 61(3):153-160.

[Sadia et al., 2020] Sadia, B., Emgin, S. E., Sezgin, T. M., and Basdogan, C. (2020).
Data-driven vibrotactile rendering of digital buttons on touchscreens. Interna-

tional Journal of Human-Computer Studies, 135:102363.

[Saleem et al., 2017] Saleem, M. K., Yilmaz, C., and Basdogan, C. (2017). Tactile
perception of change in friction on an ultrasonically actuated glass surface. In

World Haptics Conference (WHC), IEEE, pages 495-500.

[Saleem et al., 2018] Saleem, M. K., Yilmaz, C., and Basdogan, C. (2018). Psy-
chophysical evaluation of change in friction on an ultrasonically-actuated touch-

screen. IEEE Transactions on Haptics, 11(4):599-610.

[Shepard and Metzler, 1971] Shepard, R. N. and Metzler, J. (1971). Mental rotation
of three-dimensional objects. Science, 171(3972):701-703.



Bibliography 93

[Shin et al., 2014] Shin, H., Lim, J.-M., Lee, J.-U., Lee, G., and Kyung, K.-U.
(2014). Effect of tactile feedback for button GUI on mobile touch devices. ETRI
Journal, 36(6):979-987.

[Shiose et al., 2008] Shiose, T., Kagiyama, Y., Ito, K., Mamada, K., Kawakami, H.,
and Katai, O. (2008). Toward touching a landscape in a picture: Investigation
of groping strategy about tactile images and image simplification method. In
International Conference on Computers for Handicapped Persons, pages 859-864.

Springer.

[Simonnet and Vieilledent, 2012] Simonnet, M. and Vieilledent, S. (2012). Accuracy
and coordination of spatial frames of reference during the exploration of virtual
maps: Interest for orientation and mobility of blind people? Advances in Human-

Computer Interaction, 2012.

[Smith and Smothers, 2012] Smith, D. W. and Smothers, S. M. (2012). The role and
characteristics of tactile graphics in secondary mathematics and science textbooks

in braille. Journal of Visual Impairment €& Blindness, 106(9):543-554.

[Sokolova and Lapalme, 2009] Sokolova, M. and Lapalme, G. (2009). A systematic
analysis of performance measures for classification tasks. Information Processing

& Management, 45(4):427-437.

[Tashiro et al., 2009] Tashiro, K., Shiokawa, Y., Aono, T., and Maeno, T. (2009).
Realization of button click feeling by use of ultrasonic vibration and force feed-
back. In FuroHaptics Conference, 2009 and Symposium on Haptic Interfaces for
Virtual Environment and Teleoperator Systems. World Haptics 2009. Third Joint,
pages 1-6.

[Tekli et al., 2018] Tekli, J., Issa, Y. B., and Chbeir, R. (2018). Evaluating touch-



Bibliography 94

screen vibration modality for blind users to access simple shapes and graphics.

International Journal of Human-Computer Studies, 110:115-133.

[Tennison and Gorlewicz, 2016] Tennison, J. L. and Gorlewicz, J. L. (2016). Toward
non-visual graphics representations on vibratory touchscreens: Shape exploration
and identification. In International Conference on Human Haptic Sensing and

Touch Enabled Computer Applications, pages 384-395. Springer.

[Tennison and Gorlewicz, 2019] Tennison, J. L. and Gorlewicz, J. L. (2019). Non-
visual perception of lines on a multimodal touchscreen tablet. ACM Transactions

on Applied Perception (TAP), 16(1):1-19.

[Theurel et al., 2012] Theurel, A., Frileux, S., Hatwell, Y., and Gentaz, E. (2012).
The haptic recognition of geometrical shapes in congenitally blind and blindfolded
adolescents: Is there a haptic prototype effect? PloS ONE, 7(6):e40251.

[Tivadar et al., 2019] Tivadar, R. I., Rouillard, T., Chappaz, C., Knebel, J.-F., Tur-
oman, N.; Anaflous, F., Roche, J., Matusz, P. J., and Murray, M. M. (2019).
Mental rotation of digitally-rendered haptic objects. Frontiers in Integrative Neu-

roscience, 13:7.

[Toennies et al., 2011] Toennies, J. L., Burgner, J., Withrow, T. J., and Webster,
R. J. (2011). Toward haptic/aural touchscreen display of graphical mathematics
for the education of blind students. In 2011 IEEE World Haptics Conference,
pages 373-378. IEEE.

[Tomita et al., 2019] Tomita, H., Agatsuma, S., Wang, R., Takahashi, S., Saga, S.,
and Kajimoto, H. (2019). An investigation of figure recognition with electrostatic
tactile display. In International Conference on Human-Computer Interaction,

pages 363-372. Springer.



Bibliography 95

[van Kuilenburg, 2013] van Kuilenburg, J. (2013). A mechanistic approach to tactile
friction. PhD thesis, University of Twente, Enschede, Netherland.

[van Kuilenburg et al., 2015] van Kuilenburg, J., Masen, M. A., and van der Heide,
E. (2015). A review of fingerpad contact mechanics and friction and how this
affects tactile perception. Proceedings of the Institution of Mechanical Engineers,

Part J: Journal of Engineering Tribology, 229(3):243-258.

[Vardar et al., 2016] Vardar, Y., Giiglii, B., and Basdogan, C. (2016). Effect of
waveform in haptic perception of electrovibration on touchscreens. In Interna-
tional Conference on Human Haptic Sensing and Touch Enabled Computer Ap-
plications, pages 190-203. Springer.

[Vardar et al., 2018] Vardar, Y., Giiclii, B., and Basdogan, C. (2018). Tactile mask-
ing by electrovibration. IEEE Transactions on Haptics, 11(4):623-635.

[Vardar et al., 2017a] Vardar, Y., Isleyen, A., Saleem, M. K., and Basdogan, C.
(2017a). Roughness perception of virtual textures displayed by electrovibration
on touch screens. In 2017 IEEE World Haptics Conference (WHC), pages 263—
268. IEEE.

[Vardar et al., 2017b] Vardar, Y., Isleyen, A., Saleem, M. K., and Basdogan, C.
(2017b). Roughness perception of virtual textures displayed by electrovibration
on touch screens. In World Haptics Conference (WHC), IEEE, pages 263-268.
IEEE.

[Vinter et al., 2012] Vinter, A., Fernandes, V., Orlandi, O., and Morgan, P. (2012).
Exploratory procedures of tactile images in visually impaired and blindfolded
sighted children: How they relate to their consequent performance in drawing.

Research in Developmental Disabilities, 33(6):1819-1831.



Bibliography 96

[Vinter et al., 2020] Vinter, A., Orlandi, O., and Morgan, P. (2020). Identification
of textured tactile pictures in visually impaired and blindfolded sighted children.
Frontiers in Psychology, 11:345.

[Watanabe and Fukui, 1995] Watanabe, T. and Fukui, S. (1995). A method for
controlling tactile sensation of surface roughness using ultrasonic vibration. In

Proceedings of 1995 IEEFE International Conference on Robotics and Automation,
volume 1, pages 1134-1139. IEEE.

[Wikipedia, 2021] Wikipedia (2021). Force touch. Available online: https://en.
wikipedia.org/wiki/Force_Touch. (accessed July 14, 2021).

[Wright, 2008] Wright, S. (2008). Guide to Designing Tactile Illustrations for Chil-

dren’s Books. American Printing House for the Blind.

[Wu and Smith, 2015] Wu, C.-M. and Smith, S. (2015). A haptic keypad design
with a novel interactive haptic feedback method. Journal of Engineering Design,

26(4-6):169-186.

[Yannier et al., 2008] Yannier, N., Basdogan, C., Tasiran, S., and Sen, O. L. (2008).
Using haptics to convey cause-and-effect relations in climate visualization. IFEFE

Transactions on Haptics, 1(2):130-141.

[Zeugin et al., 2017] Zeugin, D., Arfa, N., Notter, M., Murray, M. M., and Tonta, S.
(2017). Implicit self-other discrimination affects the interplay between multisen-
sory affordances of mental representations of faces. Behavioural Brain Research,

333:282-285.


https://en.wikipedia.org/wiki/Force_Touch
https://en.wikipedia.org/wiki/Force_Touch

	List of Tables
	List of Figures
	Abbreviations
	Introduction
	Problem Definition and Approach
	Contribution
	Thesis Outline

	Background
	Rendering of Digital Buttons on Touchscreens
	Exploration Strategies on Touchscreens
	Tactile Graphics
	Haptic Exploratory Procedures


	Data Driven Vibrotactile Rendering of Digital Buttons on Touchscreens
	Categories of Mechanical Buttons
	Experimental Setup
	Data Collection
	Data Processing
	Transfer Function Estimation
	Haptic Rendering of Digital Buttons based on Finger Contact Area
	Experiment-I: Matching Experiment
	Participants
	Experimental Design and Procedure

	Experiment-II: Subjective Rating Experiment
	Collecting Adjectives
	Subjective Evaluation

	Results
	Experiment-I
	Experiment-II

	Discussion

	Exploration Strategies for Tactile Graphics Displayed by Electrovibration on a Touchscreen
	Experimental Setup
	Experiment-I
	Participants
	Stimuli
	Procedure
	Analysis
	Results

	Experiment-II
	Participants
	Stimuli
	Procedure
	Analysis
	Results

	Discussion
	Complexity of Geometry Affects the Tactile Perception of Virtual 2D Shapes
	Size of Haptically Active Area Affects the Tactile Perception of Virtual 2D Shapes
	Haptic Exploratory Procedures for Tactile Shapes


	Conclusions and Future Work
	Conclusions
	Future Work
	Rendering Variety of Digital Widgets
	Multi-Modal Systems
	Rendering of Digital Buttons on Different Locations
	Tactile Shapes using Multi-Finger


	Bibliography

