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ABSTRACT

To render tactile cues on a touchscreen by friction modulation, it is important
to understand how human perceive a change in friction. This thesis aims to explore
the tactile perception of changes in friction (called edges), and underlying perceptual
mechanism. We first estimated the perceptual thresholds to detect a virtual edge,
rendered by rising friction (RF') and falling friction (F'F'), while finger is sliding on
the touch surface. Then, we conducted intensity scaling experiments and investigated
the effect of finger sliding velocity, normal force, and rise/fall time of vibration ampli-
tude (transition time) on the perceived intensity of a virtual edge. In order to better
understand the role of contact mechanics, we also looked into the correlations between
the perceived intensities of subjects and several parameters involved in contact. The
results of our experiments showed that the contrast and rate of change in tangential
force were best correlated with the perceived intensity. The subjects perceived RF
more strongly than F'F', particularly at higher tangential force contrast. The results
also showed that transition time and normal force have significant effect on our tac-
tile perception. In the second part, we investigated our ability to discriminate two
consecutive edges, followed by discrimination and roughness perception of multiple
edges (called periodic gratings). The results showed that discrimination of two con-
secutive edges was significantly influenced by edge sequence: F'F followed by REF was
discriminated more easily than the reverse order. On the other hand, periodic grat-
ings generated by displaying consecutive edge sequence of F'F' followed by RF were
perceived with the same acuity as compared to vice versa. We found that a relative
difference of 14% in spatial period was required to discriminate two periodic gratings
independent of the edge sequence. Moreover, the roughness perception of periodic

gratings decreased with increasing spatial period for the range that we have inves-
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tigated (spatial period > 2 mm), despite the lack of spatial cues on texture height.
We also observed that rate of change in friction coefficient was better correlated with
the roughness perception than the friction coefficient itself. These results will further

help to understand and design of virtual textures for touch surfaces.



OZETCE

Bir dokunmatik ekranda siirtiinme degisimi ile dokunsal geri bildirim saglamak
i¢in, insanin siirtiinme degisimini nasil algiladigini anlamak gereklidir. Bu tez, siirtiinme
ve arkasindaki fiziksel mekanizmalarin dokunsal algimiza olan etkisini, ultrasonik bir
frekansta titretilen bir cam ekran iizerinde, incelemeyi amaglamaktadir. Bu amacla,
parmak ekran yiizeyinde kayarken, 6nce artan stirtiinme (RF’) ve sonra diigen siirtiinme
(F'F) araciligiyla olugturulan sanal bir kenar algilamak igin gerekli algisal egikleri
olctiik. Daha sonra, algisal yogunluk 6lgeklendirme deneyleri yaptik ve parmak kayma
hizinin, normal kuvvetin, ve titregsim genliginin yiikselme/diigme zamaninin (gegis za-
mani) sanal bir kenarin algilanan yogunlugu tizerindeki etkisini aragtirdik. Bu algida
parmak temas mekaniginin roliinii anlamak icin, ayni zamanda dencklerin algilanan
yogunluklar: ile temasa etkisi olan cesitli parametreler arasindaki korelasyonlar: da
inceledik. Deneylerimizin sonuclari, teget kuvvetindeki kontrast ve degigim hizinin
algilanan yogunluk ile korelasyonu oldugunu gostermistir. Denekler, 6zellikle daha
yitksek tegetsel kuvvet kontrastinda, RF' degerini F'F’ 'den daha giiclii bir gekilde
algiladi. Sonuglar ayrica gegis stiresinin ve normal kuvvetin dokunsal algimiz tizerinde
onemli bir etkisi oldugunu gostermistir. ¢aligmamizin ikinci boliimiinde, ardisik iki ke-
nar1 dokunsal alg1 vasitasiyla ayirt etme yetimizi arastirdik, ardindan ¢oklu kenarlari
(periyodik 1zgaralar) dokunsal ayrigtirma becerimizi ve onlarin piiriizliilik algimiza
etkisini inceledik. Sonuglar, kenar diziliminin, ardigik iki kenarin ayrigtirilmasinda
onemli derecede etkili oldugunu gostermistir: F'F', ardindan RF', ters siradan daha
kolay ayirt edildi. Ote yandan, 6nce FF ve sonra RF ardisik kenar dizisiyle olusturulan
periyodik 1zgaralar, tam tersi ile aym keskinlikte algilanmistir. Iki periyodik 1zgaray
dokunsal yolla ayirt etmek i¢in, konumsal bazda, % 14’ liikk goreceli bir farkin gerekli

oldugunu bulduk. Ayrica, periyodik sanal 1izgaralarin piirtizliiliik algisi, artan izgara
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periyodu ile azalmigtir (not: periyodu 2 mm den daha biiyiik sanal 1zgaralar ince-
lendi). Ayrica siirtiinme katsayisindaki degigim hizinin piiriizliiliik algisi ile siirttinme
katsayisindan daha iyi bir korelasyon gosterdigi gozlemledi. Bu sonuclar, mobil
cihazlar, tiiketici iirtinleri, ve gliniimiiz otomobillerinin i¢inde var olan dokunma
yiizeyleri lizerinde, sanal igsarctlerin ve dokularin kullaniciya gosterimi ve tasarlan-

masinda yardimci olacaktir.
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Chapter 1

INTRODUCTION

Touch-enabled devices like smart-phones and tablets are ubiquitous now-a-days,
and are being used everyday for telecommunication, e-commerce, games and enter-
tainment, professional and social networking, information gathering on the Internet,
etc. However, all the devices commercially available today provide visual and audi-
tory feedback to their users but almost no tactile feedback, though it is known that
tactile feedback improves task performance and realism when interacting with digital
data. Moreover, tactile sensation is a significant factor for preference and admira-
tion of certain consumer products due to their texture. Therefore, a great deal of
research is being carried out in recent years to develop and study the techniques that
can render tactile information on touch-enabled devices. In this regard, ultrasonic
actuation and electrovibration are two emerging techniques that work on the princi-
ple of friction modulation. Ultrasonic actuation reduces, while the electrovibration
increases the friction between fingerpad and touch surface. Two different mechanisms
have been suggested to explain the cause of friction reduction in ultrasonic tactile
displays; [Watanabe and Fukui, 1995] proposed that the friction reduction is due to
the formation of a squeezed film of air between fingerpad and the surface. Alterna-
tively, it has been suggested that, when a surface vibrates at an ultrasonic frequency,
an intermittent mechanical contact develops between fingerpad and the surface such
that the fingerpad bounces on the surface while sliding [Dai et al., 2012, Vezzoli et al.,
2017, Sednaoui et al., 2017]. A recent study conducted by [Wiertlewski et al., 2016]
using a stroboscope revealed that both mechanisms indeed contribute to the friction

reduction. Hence, it appears that the fingerpad bounces on a cushion of squeezed film
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of air. In electrovibration, an electrostatic force of attraction is produced by applying
a voltage signal to the conductive layer of a capacitive touch screen, which increases
the friction between its surface and fingerpad [Bau et al., 2010, Shultz et al., 2015].
Ultrasonic actuation can provide a higher variation in friction as compared to the
electrostatic actuation, while the rendering bandwidth of ultrasonic devices is limited
due to its resonating nature [Meyer et al., 2014].

Friction modulation techniques can potentially display a variety of tactile stimuli
on the interaction surface of touch-enabled devices. For example, periodic modulation
of friction magnitude between two different levels generates a feeling of textured
surfaces [Biet et al., 2008b, Biet et al., 2008a, Meyer et al., 2015, Kim et al., 2015,
Kalantari et al., 2016, Vezzoli et al., 2016, Vardar et al., 2017b, Vardar et al., 2017a,
Rekik et al., 2017, Friesen et al., 2018, Bernard et al., 2018]. Alternatively, data-driven
techniques can be used for more realistic rendering of virtual textures [Ben Messaoud
et al., 2016,1lkhani et al., 2017, Jiao et al., 2018,0sgouei et al., 2018]. Moreover, tactile
rendering of 3D virtual shapes or bumps is possible by mapping the gradients of a
surface to magnitude of friction forces [Kim et al., 2013,0sgouei et al., 2017]. Finally,
short duration friction pulses can render virtual edges or haptic-detents, which can
improve the user performance in target acquisition tasks [Ware et al., 2014, Zhang
and Harrison, 2015, Kalantari et al., 2018], and enhance the design and use of virtual
widgets such as buttons and knobs in digital user interfaces [Giraud et al., 2013, Emgin

et al., 2018].

1.1 Problem Definition and Approach

In order to effectively use friction modulation techniques, it is important to under-
stand our tactile perception of change in friction and contact mechanics behind it. Al-
though, the earlier studies have investigated the contact mechanics of friction [Adams
et al., 2007, André et al., 2009, Derler et al., 2009, Pasumarty et al., 2011, Adams
et al., 2013, Delhaye et al., 2014, Delhaye et al., 2016, Sednaoui et al., 2015, Sednaoui

et al., 2017] and our perceptual ability to discriminate two different surfaces based
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on friction [Smith and Scott, 1996, Gueorguiev et al., 2016, Samur et al., 2009], the
number of studies investigating the intermittent contact mechanics during a change
in friction on a touch surface is very limited [Cornuault et al., 2015, Messaoud et al.,
2016a, Saleem et al., 2017, Vardar et al., 2017b]. Similarly, the factors affecting our
tactile perception of this change have not been investigated in depth yet [Messaoud
et al., 2016a, Saleem et al., 2017, Vardar et al., 2017b, Gueorguiev et al., 2017b, Mon-
noyer et al., 2017]. Moreover, there is a need to understand how consecutive changes
in friction (in the form of virtual textures) affect our tactile perception. In this regard,
tactile discrimination and roughness perception of textures are principle aspects that
are extensively investigated for real textures, and the underlying perceptual mecha-
nisms are well-established [Taylor and Lederman, 1975, Lederman, 1983, Morley et al.,
1983, Sathian et al., 1989, Connor et al., 1990, Connor and Johnson, 1992, Hollins and
Risner, 2000, Nefs et al., 2001, Yoshioka et al., 2001, Cascio and Sathian, 2001, Smith
et al., 2002, Lawrence et al., 2007, Weber et al., 2013, Sutu et al., 2013, Kocsis et al.,
2013, Drewing, 2016]. However, corresponding studies for virtual textures are lim-
ited, particularly the ones displayed by friction modulation techniques [Biet et al.,
2008a,Smith et al., 2010, Meyer et al., 2015, Kim et al., 2015, Vardar et al., 2017b, Gue-
orguiev et al., 2017b, Friesen et al., 2018, Bernard et al., 2018]. In particular, there
is no in-depth study exploring the roughness perception of virtual textures displayed
by ultrasonic actuation.

The first aim of this thesis is to investigate the relation between our tactile per-
ception of friction change and the underlying contact mechanics during sliding. We
have conducted psychophysical experiments to evaluate human tactile perception of
friction change (called edges in the text) for rising friction (RF') and falling friction
(F'F), owing to the huge contrast in perception between them reported for pressing-
finger [Monnoyer et al., 2016]. First, we measured the detection thresholds under
the experimental conditions of RF' and F'F' for sliding-finger and pressing-finger (no
intentional sliding). Then we investigated the intensity scaling of friction change

for sliding-finger. We performed intensity scaling experiments at different vibration
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amplitudes (V) above the threshold value estimated in the first experiment, finger
velocities (f,), transition times (t*), and mean normal forces (F},). Here, the transi-
tion time (¢%7) is defined as the duration in which the vibration amplitude is linearly
increased from zero to the desired value (Vg,) or vice-versa. Hence, transition time
affects the slope of the friction change (e.g. longer transition time indicates slower
change in friction).

In the second part of thesis, we explored the tactile perception of virtual textures
in the form of periodic square gratings at macro-scale, rendered on a glass surface
using the ultrasonic actuation technique. We first investigated the tactile spatial
discrimination threshold for two consecutive changes in friction (called edges in the
text) and then for multiple edges (called periodic gratings in the text), since it is
important that the tactile stimuli are discriminable distinct in the first place for the
estimation of their roughness magnitude. Since friction modulation by ultrasonic
actuation cannot render all the spatial cues (such as grating height) necessary for
the activation of spatial neural mechanism, we hypothesized that temporal cues are
more dominant in roughness perception of virtual gratings. To test this hypothesis,
we generated a set of discriminable periodic gratings in different spatial periods and

investigated their roughness perception.

1.2 Contribution

In this thesis, we have conducted psychophysical experiments to explore the tactile
perception of virtual edges and textures, rendered on a glass surface using ultrasonic

actuation.

e We investigated the tactile perception of a step change in friction rendered by a
rise in friction (RF') and fall in friction (F'F'). We showed that RF' is perceived

more strongly than F'F.

e We investigated the spatial discrimination threshold between two consecutive

edges rendered with F'F' followed by RF' and vice versa. We showed that two



Chapter 1: Introduction )

consecutive edges rendered with F'F' followed by RF are easy to discriminate

as compared to vice versa.

e We investigated the tactile discrimination of virtual gratings rendered by a series
of edge sequence F'F followed by RF (i.e. a series of pulses with high friction
on average) and vice versa. We showed that discrimination of virtual gratings

is not affected by rendering sequence of the edges.

e We have shown that the roughness perception of virtual periodic gratings (spa-
tial period > 2 mm) is primarily governed by the spatial period, despite missing

spatial cues in the direction normal to the touch surface (grating height).

1.3 Thesis Organization
This thesis is organized into five chapters including this chapter.

e Chapter 2 has two main sections. In the first section 2.1, a review of studies
investigating the tactile perception of friction and change in friction is presented.
In section 2.2, studies investigating the discrimination and roughness perception

of real and virtual textures are discussed.

e In chapter 3, the experimental setup used in the thesis is elaborated (section
3.1). Absolute threshold to detect a step change in friction under different
rendering conditions is evaluated in section 3.2. Section 3.3 covers intensity
scaling experiments of change in friction (virtual edge) under different rendering

conditions.

e Chapter 4 investigates the tactile perception of consecutive virtual edges. We
are presenting the experiments to evaluate the discrimination of two consecutive
virtual edges in section 4.1, while the experiments to evaluate the spatial thresh-
old to discriminate virtual periodic gratings are covered in section 4.2. In section

4.3, we are investigating roughness perception of virtual periodic textures.
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e The key results of the thesis, and future directions of research are discussed in

chapter 5.
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Chapter 2

BACKGROUND

2.1 Perception of Friction

2.1.1  Friction on Real Surfaces

The earlier studies in tribology literature show that friction between skin and a smooth
glass surface is mainly governed by interfacial interaction (adhesion), while the con-
tribution due to viscoelastic deformations is reported to be low. In case of a smooth
surface, increasing the normal force increases tangential force, while the coefficient of
friction decreases [Adams et al., 2007, André et al., 2009, Derler et al., 2009, Delhaye
et al., 2014, Delhaye et al., 2016]. [André et al., 2009] reported that the effect of normal
force on friction coefficient is valid below 3.5 N only. Similarly, the contribution in
friction due to viscoelastic deformations decreases rapidly with an increase in normal
force, as reported by [Derler et al., 2009]. The friction between a smooth surface and
fingertip also varies with moisture, lipids/water ratio, occlusion time, finger veloc-
ity, and fingertip roughness [André et al., 2009, Pasumarty et al., 2011, Adams et al.,
2013, Cornuault et al., 2015, Delhaye et al., 2016].

Friction plays an important role in human perception of surface features. The abil-
ity of humans to discriminate smooth surfaces based on friction was studied by [Smith
and Scott, 1996]. They found that the subjects could identify microscopically smooth
surfaces with a great accuracy using active touch. Although, the friction coefficients of
the surfaces used in their study were very low, yet a higher correlation found between
the estimated friction and the measured one. [Smith et al., 2002] investigated the role
of friction and tangential force in tactile perception of roughness using linear gratings.

They found a positive correlation between friction and roughness perception, however
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rate of change in tangential force correlated better with roughness estimates. Friction
is also important in the discrimination of wet and dry surfaces. [Chen et al., 2009]
found that the subjects perceived a surface as dry if the friction and compliance of
the surface were low. The above studies suggest that friction is indeed very important
in tactile perception. Nonetheless, a recent study showed that two surfaces can be
perceived different during tactile exploration, even though they have the same fric-
tional properties, due to the difference in molecular interactions between finger and

the surfaces [Gueorguiev et al., 2016].

2.1.2  Friction on Ultrasonically Actuated Surfaces

In an experimental study investigating friction reduction on an ultrasonically actuated
plate [Sednaoui et al., 2015], the authors observed that coefficient of friction reduces
as vibration amplitude is increased, as expectedly, but there was a limit in which
no further improvements could be achieved. Moreover, the change in friction was
small for higher normal forces and at values higher than 1 N, there was in fact no
perceivable change. Their results also showed that the finger velocity affects the
friction coefficient at lower normal loads. On the other hand, [Sednaoui et al., 2017]
reported that reduction in friction coefficient using ultrasonic vibrations depends on
exploration velocity (tested at 20, 40, and 80 mm/s) but independent of normal force
(tested at 0.2, 0.5, and 0.75 N). [Cornuault et al., 2015], have investigated the friction
contrast on real and ultrasonically actuated surfaces. They found that the resulting
contrast in friction depends on moisture and fingertip roughness, while no correlation
was found between fingertip curvature and the spatial period of the ridges in finger
skin.

There are very few studies in literature on friction perception during sliding on
ultrasonically actuated surfaces. [Samur et al., 2009] have conducted discrimination
experiments to evaluate the minimum detectable difference in friction using the tactile
pattern display (TPad). The subjects were presented with two stimuli in sequential

order and asked to identify the stimulus with higher friction. An average JND of
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18% was reported for the friction difference. This study shows the ability of humans
to discriminate two surfaces based on friction, but how humans perceive a change in
friction cannot be ascertained. In this regard, [Messaoud et al., 2016a] have evaluated
the subjects’ performance in detecting a change in friction. Their results showed
that the detection rate improves at lower inherent friction between finger and surface,
as well as lower finger velocity of 5 mm/s compared to 20 mm/s. They also found
that the detection rate is best correlated to friction contrast and a contrast greater
than 0.19 is always detectable. It is shown in [Saleem et al., 2017] that rate of
change in tangential force is best correlated with the detection rate of friction change.
[Gueorguiev et al., 2017b] investigated the tactile perception of ultrasonic square
signals displayed by friction modulation and observed that subjects could differentiate
between two ultrasonic signals if the duration and transition time are extended by
2.4 and 2.1 ms, respectively. In another experiment, they found that if the duration
between two pulses was shorter than 50 ms, subjects perceived them as a single pulse.
In [Gueorguiev et al., 2017a], authors have evaluated the threshold to detect two
friction reductions of 100 ms duration, rendered 3 mm apart, using three different
ultrasonically actuated surfaces made of aluminum, polypropylene and polyurethane.
The rise time of vibration amplitude was controlled at 1.5 ms. The surfaces were
passively scanned under the finger at 20 mm/s, while normal force was maintained at
0.7 N. They conducted threshold experiments and measured the vibration thresholds
at 75% JND as 0.17, 0.23, 0.27 pm for aluminum, polypropylene and polyurethane,
respectively. Furthermore, the detection rate was found to correlate well with the
ratio of reduction in tangential force to pre-stimulation tangential force.

Apart from the studies on sliding-finger, it has been shown that a click effect, as
in key press, can be created by reducing the friction as the user presses on an ultra-
sonically actuated touch surface [Tashiro et al., 2009, Monnoyer et al., 2016, Monnoyer
et al., 2017,Saleem et al., 2017]. [Tashiro et al., 2009] have rendered the feeling of buck-
ling and restitution of mechanical buttons using Langevin-type ultrasonic transducer.

They argued that the perception of button press and release are due to momentary
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slippage of the finger over the surface, which occurs when the friction of the surface
is reduced by ultrasonic actuation. Unlike [Tashiro et al., 2009], [Monnoyer et al.,
2016] argued that the feeling of click occurs due to a sudden release of stress at the
fingertip, which is accumulated when the friction of surface is high. Recently, it has
been shown that there is an optimal value of finger impedance that leads to a stronger
perception of haptic click effect [Monnoyer et al., 2017]. Moreover, the rate of change
in normal force has been reported to play an important role in perception of click

effect [Saleem et al., 2017].

2.2 Perception of Textures

Most of the surfaces that we touch and interact in our daily life have complex to-
pographies which make them difficult to analyze in tactile perception studies. For
this reason, surfaces with periodic topographies like raised-dots and linear gratings
have been typically preferred in earlier studies investigating the discrimination and

roughness perception of periodic macro-textures, which are discussed below in detail.

2.2.1 Real Textures
Effect of Topography

Several studies have shown that perceived roughness increases with groove width,
and decreases with ridge width for linear gratings [Taylor and Lederman, 1975, Led-
erman, 1983, Morley et al., 1983, Sathian et al., 1989, Yoshioka et al., 2001, Cascio and
Sathian, 2001, Lawrence et al., 2007]. However, the effect of ridge width on our tactile
perception is less significant than that of groove width [Sathian et al., 1989, Drewing,
2018]. Lederman [Lederman, 1983] observed an increase in perceived roughness with
groove width when spatial period or groove to ridge width ratio was kept constant
(0.875 mm and 50%, respectively). Yet, the range of spatial periods investigated
in [Lederman, 1983] was narrow (0.12 to 1 mm). For a wider range up to 8.5 mm,

roughness perception still increases with groove width, but eventually saturates at
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larger groove widths [Lawrence et al., 2007]. For raised-dots made of cylinders and
cones, roughness perception decreases with increasing diameter of dots [Connor et al.,
1990, Blake et al., 1997, Tymms et al., 2018]. On the other hand, different trends have
been reported in the literature for dot spacing; [Connor et al., 1990] observed that
roughness perception follows an inverted U-shaped trend for increasing dot spacing,
with a peak value around 3 mm, though [Meftah et al., 2000] reported a monotonic
increase in perceived roughness over a similar range. [Sutu et al., 2013] elucidated
that inverted U-shape trend in roughness perception is valid only if height of dots
is low. This allows the fingerpad to contact the base surface between the dots more
easily, resulting in a drop in perceived roughness. However, for higher dots, increase
in roughness perception with increasing dot spacing was monotonic. [Drewing, 2016]
has extended the work of [Sutu et al., 2013] by investigating the roughness perception
of linear gratings with a lower height for spatial periods varying from 0.5 to 10 mm.
He observed an inverted U-shape trend in roughness perception for sinusoidal gratings
as well, and modest decrease for square gratings at larger spatial periods.

[Sutu et al., 2013] have observed an interesting relation between discrimination
threshold (Weber fraction) and roughness perception for dotted surfaces. Their re-
sults showed that the Weber fraction was around 4-5% for smaller dot spacing (cor-
responding to the ascending half of U-shaped roughness function), irrespective of
the dot height. On the other hand, Weber fraction was significantly higher (8-12%)
for dots with lower height and larger dot spacing (corresponding to the descending
half of U-shaped roughness function). Although, they reported an increase in We-
ber fraction for higher raised-dots, the effect was less significant. A similar Weber
fraction of 5% was also reported by [Morley et al., 1983] for the discrimination of
linear gratings of square shape, and 0.8 and 1 mm in spatial period. [Nefs et al.,
2001] investigated the sinusoidal linear gratings and observed a decrease in Weber
fraction with increasing spatial period (12, 6.3, and 6.4% for spatial periods of 2.5,
5, and 10 mm, respectively). Furthermore, they found no significant effect of grating

height on discrimination of spatial period, but significant effect of spatial period on
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discrimination of height. [Kocsis et al., 2013] investigated the effect of texture profile
on height discrimination of linear gratings and found no significant difference between

sinusoidal and triangular gratings.

Effect of Contact Forces

Earlier studies have shown that perceived roughness increases with increasing normal
force [Lederman and Taylor, 1972, Lederman, 1974, Lederman, 1983]. [Taylor and
Lederman, 1975] showed that the roughness perception of linear gratings correlates
positively with the static deformation of fingerpad under normal loading. The reliable
prediction of perceived roughness without even considering the dynamics of movement
suggests that the friction coefficient should have no effect, which was experimentally
confirmed by the authors in the same study [Taylor and Lederman, 1975]. However,
more conclusive results on this topic were presented by [Smith et al., 2002] later. They
investigated roughness perception by varying spatial period between 1.5 to 8.5 mm,
and altering friction coefficient by coating the surface with liquid soap. They found
a significant but inconsistent correlation between roughness perception and friction
coefficient for all subjects, while the roughness perception was best correlated with

the rate of change in tangential force.

Neural Mechanism

It has been shown that the discrimination and roughness perception of macro-textures
are not affected by finger velocity [Lederman, 1974, Lederman, 1983, Hollins and Ris-
ner, 2000]. [Meftah et al., 2000] observed an increase in roughness perception by
increasing dot spacing in the direction transverse to finger motion. These findings
strongly argue against the temporal mechanism behind the perception of macro-
textures. Furthermore, a series of combined psychophysical and neurophysiological
experiments were conducted to understand the underlying neural mechanism behind
roughness perception of macro-textures [Sathian et al., 1989, Connor et al., 1990, Con-

nor and Johnson, 1992, Blake et al., 1997, Yoshioka et al., 2001]. The results showed
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that roughness perception is encoded spatially, and there is a linear relation between
perceived roughness and spatial variation in firing rates of SA1 afferent fibers. How-
ever, contribution of temporal cues in the discrimination and roughness perception of
macro-textures cannot be fully ignored. [Morley et al., 1983] have noted a drop in dis-
crimination performance (Weber fraction increased from 5% to 10%) when the finger
is pressed on the surface without sliding (i.e. static contact). This is because finger
movements provide additional vibration cues which enhance the perception. Simi-
larly, [Kocsis et al., 2013] have observed an increase in discrimination performance of
linear gratings, if explored with a rigid probe. This was due to the efficient transfer
of vibration cues as a result of an increase in the contact area (i.e. holding the probe
increases the area in contact with the hand, as compared to a fingerpad exploring the
surface). [Cascio and Sathian, 2001] have observed a significant influence of temporal
frequency on the discrimination and roughness perception of linear gratings for vary-
ing ridge width, but not for groove width. They also calculated the mean firing rates
for SA1, PC, and RA afferent fibers, and found that decreasing (increasing) trend in
roughness perception for increasing ridge width (groove width) was best correlated

with mean firing rate of PC (SA1) afferent fibers.

2.2.2 Virtual Textures

Roughness perception of periodic virtual textures was investigated using force feed-
back devices in [Drewing et al., 2004, Kornbrot et al., 2007, Unger et al., 2011, Klatzky
and Lederman, 2006, Lederman et al., 2006, Smith et al., 2010], and the results sug-
gest significant influence of virtual probe diameter. For a point-probe (having an
infinitely small diameter) exploring virtual gratings, [Kornbrot et al., 2007] reported
a decrease in perceived roughness with increasing spatial period varied from 0.7 to 2.7
mm. [Unger et al., 2011] observed a flat trend in roughness perception up to 2 mm, fol-
lowed by a drop at larger spatial periods for a point-probe. On the other hand, they
observed a monotonic increase in perceived roughness for increasing spatial period

from 1 to 6 mm for spherical virtual probes having a diameter varying from 0.25 to
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1.5 mm. Similarly, for dotted surfaces, a continuous decrease in perceived roughness
was observed for a point-probe [Drewing et al., 2004], and inverted U-shaped function
for the spherical-probes [Unger et al., 2011]. Unger et al. noted that the peak value
of perceived roughness shifts towards higher periods with increasing probe diameter,
similar to real textures [Klatzky and Lederman, 1999, Klatzky et al., 2003].

It is important to note here that force feedback devices have been utilized in the
above studies, which are capable of resolving 3D forces. Hence, a change in surface
topography can be easily simulated. [Klatzky and Lederman, 2006, Lederman et al.,
2006] investigated the roughness perception of periodic gratings rendered by a haptic
mouse that can change sliding resistance only. They found that roughness increases
with spatial period (varying from 0.08 to 8 mm) if ridge to groove width ratio was
kept constant. Further analysis showed that ridge width had a dominant effect,
while the effect of groove width was negligible. [Smith et al., 2010] rendered periodic
gratings (varying from 1.5 and 8.5 mm in spatial period) using a force feedback device
which could only display tangential forces resisting to the planar movements. Unlike
[Klatzky and Lederman, 2006], they observed a decrease in roughness perception
when spatial period was increased, and a strong influence of friction coefficient and
tangential force on roughness perception.

The discrimination and roughness perception of periodic gratings, rendered on
a surface using friction modulation techniques have been far less studied. [Vardar
et al., 2017b] investigated the roughness perception of periodic gratings displayed by
electrovibration. They compared four waveforms; sine, square, triangular and saw-
toothed waves with spatial period varying from 0.6 to 8 mm. The width of periodic
high friction regimes (analogous to ridge width) was taken as 0.5 mm, while that
of the low friction ones (analogous to groove width) was varied. The finger velocity
was controlled indirectly by displaying a visual cursor moving at 50 mm/s. The re-
sults showed that square waveform was perceived as the roughest, while there was no
significant difference between the other three waveforms. The perceived roughness

decreased with increasing spatial period in general, though a modest U-shaped trend
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was observed with a peak value around 2 mm. They also reported that the roughness
perception of periodic gratings correlates best with the rate of change in tangential
force, similar to the real gratings [Smith et al., 2002]. The discrimination of periodic
gratings, rendered on a touch surface by ultrasonic actuation was investigated in [Biet
et al., 2008a]. The surface was vibrated at a frequency of 30 kHz with an amplitude
of 1.1 pm. Four standard and eight comparison gratings in square waveform were ren-
dered. The width ratio of high to low friction regimes was always kept constant. The
finger velocity was not controlled. The results showed that the difference threshold
(JND) increases with spatial period (0.2, 0.32, 0.47 and 0.8 mm for spatial period of
2.5, 3.5, 5 and 10 mm, respectively). Unlike real gratings [Nefs et al., 2001], Weber

fraction remained almost constant (varied between 8 and 10 %).
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Chapter 3

PERCEPTION OF A STEP CHANGE IN FRICTION

Ultrasonic actuation can display a variety of tactile stimuli by modulating the
friction of the surface. Hence, understanding the perception of a change in friction
is important. In this chapter, we are investigating the tactile perception of a step

change in friction rendered by ultrasonic actuation.

3.1 Experimental Setup

The tactile display used in our study is a 100x60 mm? glass surface of 1.4 mm
thickness. We actuate it at 26.9 kHz using two piezoelectric patches (7TBB-35, Murata
Manufacturing) and a high voltage amplifier (PZD700A M/S, Trek). At the selected
vibration mode, the distance between the nodal lines is approximately 11 mm, creating
an area of 11x60 mm? between two nodal lines for tactile exploration as shown in
Figure 3.1. A force sensor (Nanol7 Titanium, ATI Industrial Automation) capable
of measuring up to 8 N with a resolution of 1.5 mN is used to record the normal and
tangential forces acting on finger during the experiments. To acquire the vibration
amplitude during contact interactions, a small piezoelectric patch (FT-10.5T, Kepo
Electronic) is used as a sensor. We have used an analog RMS-circuit to record the
vibration amplitude at a lower sampling rate. The piezoelectric sensor is calibrated
by a Laser Doppler Vibrometer (LDV) (OFV-551, Polytec). To record the force and
vibration amplitude simultaneously, we have used two data acquisition cards (PCI-
6034E, National Instruments) and (PCle-6321, National Instruments) running at 5k
samples/seconds. To control finger velocity in a pseudo-active manner (f,) during
the experiments, we used a linear stage as shown in Figure 3.2.

To create different tactile effects on the touch surface using ultrasonic actuation
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technique, vibration amplitude (V,,,,) and transition time (¢¢?) are used as the main
control parameters. Finger damping during contact may cause fluctuations in Vg,
and an active control might be required [Giraud et al., 2013, Messaoud et al., 2016b)].
However, in our experiments, the recorded vibration amplitude showed reasonable

precision and accuracy without any active control, as depicted in Figure 3.3.

LED Display
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Base Force Sensor Support

Figure 3.1: Hlustration of variable friction tactile display used in the study.

Tactile Display

Driving Power Screw

Arm rest

Motor

Figure 3.2: Hlustration of experimental setup used for controlling f,.
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Figure 3.3: Means and standard deviations for V,,,, and ¢t recorded during the
experiments. Tick values on horizontal and vertical axes are the desired values for
Vamp and t2P respectively

3.2 Threshold Estimation Experiments

The first part of the chapter focuses on finding the smallest change in friction that
humans can detect. We measured the perceptual thresholds for a) sliding-finger and

b) finger pressed on the surface (no intentional sliding).

3.2.1 Experimental Design

The threshold estimation experiments were conducted using the method of constant
stimuli [Jones and Tan, 2013]. There were two experimental conditions; rising friction
(RF) and falling friction (F'F'). We rendered each condition at different vibration am-
plitudes (Vamp) by altering the actuation voltage applied to the piezoelectric patches.
The transition time (¢2™") was chosen as 2 ms in these experiments. The touch sur-
face was actuated at 10 different vibration amplitudes (corresponding to 10 different
voltage levels) varying from 0 to 0.6 pm in sliding-finger experiment, and from 0 to
1.2 pm in pressing-finger experiment. Each stimulus was repeated 10 times, hence

each subject completed 200 trials (2 conditions x 10 different voltage levels x 10
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Table 3.1: Vibration amplitude (um) at mean threshold levels

Friction Change 50 % 75 %
Sliding Fin RF 0.214+0.02 0.271+0.02
1me Feet FF 0.2240.02  0.30-0.02
Pressing Finger FF 0.504+0.04 0.7840.06

repetitions). The trials were displayed in a random order, while the same order was

displayed to each subject.

3.2.2  Procedure

In sliding-finger experiment, the subjects explored the surface from left to right only.
The subjects were instructed to synchronize their finger velocity with a visual cursor
moving with a velocity of (50 mm/s). We changed the friction as the subjects’ finger
crossed the mid-point of the exploration region, which was detected by an IR-frame
(see “RED” mark in Figure 3.1). The subjects were asked to respond to the following
question by saying YES/NO; “Did you feel any tactile effect?”

In pressing-finger experiment, the subjects were asked to press their finger on the
touch surface marked in “RED”. Therefore, the spatial location where we changed
the friction was same for both threshold estimation experiments. We changed the
friction when the normal force (F,) applied by finger exceeded 0.3 N. A LED display
turned ON to indicate that there was a change in tactile stimuli and then subjects
were asked to respond to the following question by saying YES/NO; “Did you feel a
click?”

Ten subjects participated in the threshold estimation experiment (7 males, 3 fe-
males, average age of 27£3). The subjects read and signed the consent form before the
experiments. The form was approved by Ethical Committee for Human Participants

of Koc University.
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Figure 3.4: Psychometric responses for threshold experiments. (Black-dotted: RF,
red-solid: FF). Shaded region depicts standard deviation in detection rate. (a)
Sliding-finger and (b) finger pressed on the surface (no sliding).

3.2.3 Results

We fitted a logistic function to the mean response of each subject for RF' and F'F,
separately. Then, an average curve for all subjects for RF' and F'F was constructed
from the individual curves and threshold values were reported based on those average
curves. The results of sliding-finger experiment showed that subjects’ perception of
RF and FF was quite similar (Figure 3.4(a)), and followed a typical psychometric
response (R? = 0.98). The paired t-test unveiled that the difference between RF
and F'F was not significant (p = 0.08). The results of the pressing-finger experiment
are shown in Figure 3.4(b). We found that the response for F'F' followed a typical
psychometric behavior (R? = 0.99), whereas RF was not perceived as a click and curve
fit was poor (R* = 0.5). The paired t-test showed that the difference between RF
and F'F was significant (p < 0.001). Our results are in line with the recent literature
[Monnoyer et al., 2016]. The vibration amplitudes (Vgy,,) for the mean detection rates
of 50 and 75 % are given in Table 3.1 (For pressing-finger experiment, data for F'F'
condition was reported only). For further details on our threshold experiments, the
readers are referred to [Saleem et al., 2017].

The threshold experiments showed that RF' and F'F' were perceived equally when
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finger was sliding, whereas a pressing-finger could only detect F'F'. Moreover, the per-
ceptual threshold for F'F' in pressing-finger experiment was twice the value measured
for the sliding-finger experiment. The threshold experiment provided us valuable in-
formation about the tactile limits. However, the ability of humans to estimate the
intensity of friction change cannot be ascertained from a threshold experiment. In
the next section, we explore how subjects rate the intensity of friction change under

different experimental conditions.

3.3 Intensity Scaling Experiments

In the second part of the chapter, we assessed the subjects’ perception of change in
friction intensity during sliding. We have chosen our vibration amplitudes (Vi)
significantly above the detection levels estimated for the sliding-finger in the first
experiment. We altered finger velocity (f,), transition time (¢¢7), and the mean
normal force applied to the surface (F,) in a controlled manner to investigate if they

cause any bias in intensity scaling. The travel distance of the linear stage was 40 mm

during the experiments

3.3.1 Experimental Design

There are three experiments in this part. In the first experiment (EXP-1), t2™ was
kept constant at 2 ms while f, and V,, were varied. Hence, there were a total
of nine rendering conditions (f, = 10, 40, 70 mm/s) and V,,, = (0.6, 0.9 and 1.2
nm). The values selected for f, are in line with the values reported in earlier tactile
exploration studies [Sednaoui et al., 2017, Messaoud et al., 2016a, Gueorguiev et al.,
2017a, Ramalho et al., 2013, Tanaka et al., 2014]. In the second experiment (EXP-2),
f» was kept constant at 40 mm /s while t¢™? and V,,,,, were varied. Hence, there were
again nine rendering conditions (t¢™ = 2, 10, 20 ms) and Vg, = 0.6, 0.9, 1.2 pm).
The normal force was not controlled in EXP-1 and EXP-2. In the third experiment
(EXP-3), the t7 and f, were kept constant at 2 ms and 40 mm/s respectively, while

Vmp and the normal force applied by the subject (F,) were varied. The experiments
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were conducted under “low” and “high” normal forces. We observed that the subjects
applied an average normal force of 0.3+0.15 N in EXP-1 and EXP-2. For this reason,
in EXP-3, the subjects were instructed to keep their finger load below 0.15 N under
the “low” condition, while they were asked to apply normal forces greater than 0.45
N under “high” condition. Hence, there were a total of 6 rendering conditions (3
Vamp X 2 E) In all the experiments, each condition was repeated 10 times for rising
friction (RF') and falling friction (F'F). Hence, there were a total of 180 trials in
EXP-1 and EXP-2, and 120 trials in EXP-3. The trials were randomized while the

same randomization pattern was used for all subjects.

3.3.2  Procedure

The subjects were given a brief presentation and a training session to familiarize
themselves with the setup. They were asked to put their arm over the linear stage
and place their finger on the left marker (see Figure 3.1). We changed the friction
when subjects’ finger crossed the “RED” marker in the middle during sliding. The
motion starts from the left marker and ends at the right marker and the subjects
were asked to rate the difference in friction using a Likert scale varying from 1 to 7
(“1” represents the weakest change while “7” is the strongest). The next trial starts
from the right marker and ends at the left marker and this process repeats itself.
The trials were randomized such that each rendering condition displayed equally for
the movements from left to right and right to left. We used a computer fan to
continuously blow air over the touch surface to minimize the undesirable effects of
moisture. Moreover, the subjects were instructed to lift their finger up at the end of
each trial to release accumulated stresses. A white noise was played through active
noise canceling headphones to prevent perceptual bias due to any auditory noise.
In EXP-1 and EXP-2, the subjects were instructed to press the surface gently, like
touching the surface of a mobile phone or a tablet. There was one minute break after
every 36 trials, during which the finger of subject was cleaned with alcohol. In EXP-3,

we displayed a reference value (i.e. desired value) for the normal force to the subjects
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Table 3.2: The number of subjects who perceived rising and falling friction differently

Grr Grprp Gy Total

EXP-1 6 1 2 9
EXP-2 5 1 4 10
EXP-3 ) 1 3 9

through a GUI (0.15 N for “low” force and 0.45 N for “high” force). The reference
force was changed after every 12 trials, preceding a break of one minute (note that we
did not change the reference force after each trial because our preliminary experiments
showed that the subjects could not adapt well to this procedure).

Eleven subjects participated in the experiments (9 males, 2 females, average age
of 274+4). The subjects read and signed the consent form before the experiments. The

form was approved by Ethical Committee for Human Participants of Koc University.

3.3.3 Results

First, we normalized the scores (.S,,) of each subject to vary between zero and one. We
observed inconsistent responses for a few subjects, perhaps due to misunderstanding
of the task or lack of concentration during the task. Therefore, we measured within-
subject variability by computing coefficient of variation (CV') and then calculated
interquartile range (IQR) in CV's for all subjects. The data of subjects with CV's
more than 1.5 x IQR above the upper quartile were rejected (as a result, the data
of 2/11 subjects in EXP-1 and EXP-3, while 1/11 subject in EXP-2 was rejected).
The results showed that subjects scored RF' higher than F'F' as shown in Figure 3.5.
Nonetheless, this trend was not same among the subjects. We conducted paired t-
tests and categorized the subjects in three groups accordingly; a) those who scored
RF higher than FF (with p < 0.05) are called RF-biased group (Ggr), b) those
who scored F'F higher than RF are called FF-biased group (Grr), and ¢) those who
perceived RF and F'F equally (p > 0.05) are called neutral group (G ). The number

of subjects in each group are listed in Table 3.2.
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The results of intensity scaling experiments are summarized below:

In all experiments, increasing Vg, increased S, as expected.

e In all experiments, average values of S, for RF' was higher than that of FF
(p < 0.01). Therefore, the difference between scores (AS, = S — SII") was

positive.
e The results of EXP-1 showed that there was no significant effect of f, on S,.

o In EXP-2, increasing t%"" decreased S,. All paired t-tests between S, values

for t2™mP = 2, 10, 20 ms returned p < 0.001.

e In EXP-3, paired t-test showed that S, values of subjects were higher under
high normal force than those of the low normal force for F/F' (p < 0.05).

e Overall, AS, was not influenced significantly by f, and ¢ but its absolute

value decreased as F,, was increased. (See plots of AS, in Figure 3.5).

3.3.4  Analysis of Forces

Intensity scaling experiments showed that RF and F'F were perceived differently
by the subjects. To better understand the reasoning behind this, we analyzed the
contact forces recorded during the experiments. Before the analysis, the force data
was filtered using a low-pass filter with a cut-off frequency of 600 Hz. The cut-off
frequency was chosen to cover the sensitivity range of human finger [Fagiani et al.,
2012]. For the analysis, we considered a window of data only, which was centered
around the transition time and corresponded to the data collected for 70% of the
total sliding time. We further sub-divided this window in time domain as elaborated
in Figure 3.6 to develop various force metrics (Table 3.3).

Calculating the transition time of force (t/or¢¢ = ¢ 7 — t,) was challenging due to
the variation in contact forces, even at constant stimulation level. To tackle with this

problem, t; is defined as the time when the derivative of tangential force (dF;/dt)
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Figure 3.6: An exemplar data window used for the computation of force metrics for
RF(left) and FF(right). Blue, magenta and green colored lines represent Fy, F), and

4, respectively.

Table 3.3: Force metrics, their symbols and descriptions

Force Metric Symbol Description
Instantaneous: r Force in
Tangential Force Ft sliding direction,
Normal Force N" and normal direction.

Friction Coefficient

w=F/E,

Mean:

Tangential Force
Normal Force
Friction Coefficient

‘Ftlow7 F}’”.yh7 thean
Féow’ Fr}nghv ngean
Hlow7 ’uhigh’ “mean

Mean values at
tiow, thigh7 ttotal

Differen?e: AF, Fhigh _ plow
Tangential Force AF Fthigh Ftlow
Normal Force " n- T +n
: ) A,U, /Lh,zgh _ 'ulow
Friction Coefficient
Contrasﬁ: | F,C 1_ Ftl"“’ / Fthz'gh,
Tangential Force PO 1 _ plow /phigh
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Table 3.4: Transition time of tangential force during the experiments at various con-
ditions

- t orce
fo pP Fy !
(mm/s) (ms) (N) (ms)
RF FF
10 2 - 23+11 22414
EXP-1 40 2 - 10+1  6.942
70 2 - 10+1  6.942
40 2 r 11+1  7.243
EXP-2 40 10 - 1843  18+8
40 20 , 37+7 2948
40 2 <015 104+2 642
ety 40 2 >045 10+2 6.542

decays below 80% of its peak value after ¢,, where ¢, is defined as the time when
the friction change was rendered while the subjects’ finger crossed “RED” marker.
The values computed for t/°"°* are shown in Table 3.4. The results showed that,
tforee was significantly higher than t2™ for both REF and FF, and t/°° in RF was
in general higher than that of F'F. Moreover, t/°7° at low scan speed of 10 mm/s
was significantly higher as compared to the typical scan speeds of f, = 40 and 70
mm/s. [Meyer et al., 2014] have also reported a higher force transition time in RE for
a lower velocity of 20 mm/s and argued that it is due to slow discharge of squeeze film.
Figure 3.9(a) shows that the subjects were successful in attaining and maintaining the
desired “low” and “high” normal forces in EXP-3. We investigated the correlation
between S,, and normalized force metrics using Spearman correlation (r4) and the
results were checked for the statistical significance level of p < 0.05.

Following are the main results gathered from the force metrics and their correlation

with 9,

e [t can be seen from Figures 3.7, 3.8, and 3.10 that S,, was correlated with F,C
and dF;/dt. Results of the correlation analysis (see Table3.5) also supported

this observation.
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Table 3.5: Force metrics showing highest correlation with S,

EXP-1 EXP-2 EXP-3

Metric g Metric g Metric rg

FC 059 dF/dt 075 FC 065
RF uC 0.56 tforee  0.63 dF,/dt 0.63
AF, 054 FC 062 uC 0.63

F.C 0.67 dF,/dt 081 dF,/dt 0.59
FF uC 0.48 tforee 0.79  tforee 056
dF;/dt 0.47 - _ F,.C 0.4

e The force analysis of EXP-2 showed that F,C' did not change much with ¢4,
Therefore, despite longer ¢/, the contact forces reached a steady-state value

within 40 mm of travel distance as shown in Figure 3.8(a) and 3.8(Db).

e In EXP-3 | as F,, was increased, FiC' reduced, while dF;/dt and S, increased

(see Figure 3.10).

Table 3.6: Coefficients of linear fit for intensity scaling

RE FF

c1 C2 c3 R? ‘1 “2 = R?
EXP-1 -0.09 0.86 0.25 (()pgi 0.001) -0.018 0.47 0.26 (()p8i 0.001)
EXP-2 004 04 05 (()pgi 0.001) 0.02 02 06 ?pgi 0.001)
EXP-3 -0.01 0.43 0.65 (()pgi 0.05) -0.09 0.4 0.62 ?pqi 0.001)

The results of all three experiments showed that dF;/dt and FiC' were the most
important metrics in intensity scaling of friction change. In order to find their relative
contributions, we fitted a linear model using Matlab function (fitlm) to the normalized
scores of subjects in the form of S,, = ¢; 4 ¢y X F;C' + ¢35 x dF} /dt using the normalized
values of F;C' and dF;/dt (see Table 3.6). We found that the contribution of dF;/dt
was more prominent in EXP-2 and EXP-3, while F;C had a stronger effect in EXP-1.
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3.4 Discussion

The analysis of contact forces showed that contrast in tangential force (F;C') and
rate of change in tangential force (dF;/dt) were best correlated with the perceived
intensity of friction change (S,). In fact, S, can be estimated quite accurately by a
linear function of FyC and dF;/dt, which suggests that there may be multiple sensory
mechanisms involved in the perception of friction change. F;C causes a difference in
magnitude of skin stretch while dF;/dt is more related to the vibrotaction. We argue
that those are the two main mechanisms contributing to our tactile perception of
change in friction. However, it is difficult to perform controlled experiments to assess
their individual contribution to our perception since they are not easily separable from
each other, as argued by [Gueorguiev, 2016]. In the upcoming paragraphs, we discuss
the results of each experiment one by one and attempt to justify our argument.

In EXP-1, the finger velocity (f,) did not affect S,,. The analysis of forces showed
that, uC and F,C slightly decreased, while dF;/dt increased with increasing f, (see
Figure 3.7). Therefore, the combined effect of F;C and dF;/dt resulted in no significant
change in S, as f, was increased. On the other hand, [Messaoud et al., 2016a] have
noted a significantly higher uC' at a lower velocity of 5 mm/s as compared to 20 mm/s.
Likewise, they observed higher detection rates for friction change at 5 mm/s. The
difference in puC' reported in their study and ours could be due to a PVC film used
in [Messaoud et al., 2016a], while we conducted our experiments on a glass surface.
Moreover, uC' is known to be affected by amount of moisture and hydrolipid film
between fingertip and touch surface [Pasumarty et al., 2011, Cornuault et al., 2015],
which were not controlled in either studies.

In EXP-2, S,, decreased when friction was changed smoothly by making t2™
longer. In other words, when the rate of loading/unloading was higher (shorter tran-
sition time), the effect was stronger. We believe that S, decreased at higher ¢t
because the change in tangential force no longer followed a sharp transition and could
not strongly activate mechanoreceptors as discussed in [Vardar et al., 2017a] for elec-

trovibration. A similar perceptual trend was reported for the magnitude estimation
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of skin stretch applied to human palm in [Guzererler et al., 2016]. On the other
hand, [Shull et al., 2010] and [Paré et al., 2002| reported that rate of loading did
not affect the magnitude estimates of torsional stretch applied to forearm, and force
applied to fingertip, respectively (it is important to note that the loading rates of 0.1,
0.15, and 0.3 N/s used in [Paré et al., 2002] were very low).

In EXP-3, F;C decreased significantly at high normal force (F,), while S, did
not change much. [Derler et al., 2009] reported that the contribution of viscoelastic
deformations on the friction decreases as the normal force increases. Similarly, results
of EXP-3 showed that increasing F,, decreased friction coefficient (;"9") (see Figure
3.9(c)). Interestingly, £/°” did not change much with F, as shown in Figure 3.9(b). For
this reason, we observed a sharper drop in uC' at high F,,. A similar perceptual effect
for normal force was observed in a psychophysical experiment conducted to estimate
the magnitude of slip on fingertip [Ho and Hirai, 2017]. The authors argued that
the fingertip gets stiffer at higher gripping force (as reported in [Wang and Hayward,
2007]), which results in higher tangential force and magnitude estimates. Similarly,
in EXP-3, despite a decrease in F;C, an increase in dF;/dt was a clear indication of
increased fingertip stiffness.

In sliding experiments performed above the detection threshold, we observed that
RF was more strongly perceived than FF, and the difference (AS,, = S — SFF) was
positive. This contrast in tactile perception is perhaps due to the viscoelastic proper-
ties of the fingertip and the hysteresis effect. [Wang and Hayward, 2007] have found
that the skin deformed at a high rate when a step force was applied, but restored
more slowly when the force was removed. In our experiments, the finger experienced
lower tangential force followed by higher one under the condition of RF. Conse-
quently, when we rendered RF', the finger deformed at a higher rate, which produced
a stronger tactile feeling as compared to F'F'. Thus, the results of our experiments
and literature suggest that the difference between RF and F'F is due to viscoelasticity
and not related to slower force transition in RF due to slower discharge of squeeze

film [Meyer et al., 2014]. Viscoelastic materials show rate-dependent response and re-
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laxation behavior. We argue that the increase in friction was more easily differentiated
by subjects during RF' due to the rate-dependent behavior compared to the friction
drop during F'F' due to relaxation behavior. If viscoelasticity has an influence on our
tactile perception, one anticipates that the experimental results of this study would
be affected by finger velocity (f,), which is not the case. The velocity range covered
in our study (10-70 mm/s) is relatively small and the effect on tactile perception was
not observable. The ecarlier studies in literature also show that the change in finger
friction is observable only when there is a large difference in finger velocities [Adams
et al., 2013]. The experiments performed by [Moy et al., 2000] indirectly support our
claim. They asked the subjects to count the number of ridges scanned under their
fingers. When a small ridge was presented before a big one, subjects perceived both
ridges successfully. However, in opposite order, the subjects were not able to detect
the small ridge. The authors argued that the poor perception of the small ridge after
big one was due to the residual deformation of the fingertip due to hysteresis, as

observed in viscoelastic materials.
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Chapter 4

PERCEPTION OF CONSECUTIVE CHANGES IN
FRICTION

To display realistic tactile textures on touch-enabled devices, it is important to
understand how surface properties are perceived by means of touch in the real world.
Earlier studies have shown that roughness is the most important dimension in tactile
perception of textures [Okamoto et al., 2013, Hollins et al., 1993, Hollins et al., 2000,
Bensmaia and Hollins, 2005]. In this chapter, we are investigating the discrimination
and roughness perception of virtual gratings rendered by ultrasonic actuation. First
experiment investigates the spatial threshold to discriminate two consecutive changes
in friction (called edges in the text), while the second experiment evaluates spatial
discrimination of virtual periodic gratings rendered by a sequence of virtual edges.
The roughness perception of virtual periodic gratings is finally investigated in third
experimental study. To create an analogy between virtual and real gratings, we define
the width of high friction regime (HFW) as a counterpart of ridge width (RW), and
width of low friction regime (LF'W) as a counterpart of groove width (GWW), as shown
in Figure 4.1. The schematic showing the hierarchy of the psychological experiments

in this chapter is given in Figure 4.2.
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Figure 4.1: Analogy between real textures and virtual textures rendered in our study.
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Figure 4.2: Hierarchy of experiments in this chapter.

4.1 EXP-1: Discrimination of Two Consecutive Virtual Edges

The purpose of this experiment was to estimate the spatial threshold between two
consecutive virtual edges. An edge was rendered either by rising friction (RF') or
falling friction (F'F).

Twenty subjects (5 females) volunteered to take part in the experiment. The
average age of the subjects was 28.8 + 4.1 years. The subjects used the index finger
of their dominant hand during the experiments. Their finger and the surface were
cleaned with alcohol before the start of each experimental session. To eliminate any
perceptual bias due to the surrounding noise, the subjects were asked to wear noise
cancellation headphones, and white noise was played to their ears. There was a short

training session at the start of each experiment to familiarize the subjects with the
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Table 4.1: Rendering conditions for EXP-1. Note that the third column lists the
desired values for Vp,,,, while the actual (measured) values are given in parenthesis.

Rendering fo Vamp

Conditions  (mm/s) (nm) Eoeq
1 30 1(0.914+0.07) FF — RF
2 30 1(0.88+0.09) RF — FF
3 30 2 (1.80+0.16) FF — RF
4 30 2 (1.88+0.16) RF — FF
5 60  1(0.88+0.07) FF — RF
6 60  1(0.9240.07) RF — FF
7 60 2 (1.80+0.13) FF — RF
8 60 2 (1.90+0.14) RF — FF

experimental setup and procedures. The subjects read and signed the consent form
before the experiments. The form was approved by the Ethical Committee for Human

Participants of Koc University.

4.1.1  Ezperimental Design

We considered three independent factors for the experimental design: finger velocity
(fo = 30 and 60 mm/s), vibration amplitude (Vg = 1 and 2 pm), and edge sequence
(Eseg = FF — RF and RF — FF). In FF — RF, we varied low friction width
(LFW) between the two edges, while high friction width (H F'W') was varied in RF —
FF as elaborated in Figure 4.3(a). Therefore, there were a total of 8 rendering

conditions as listed in Table 4.1.

4.1.2  Procedure

We rendered the first edge after moving subjects’ finger via the motorized stage for 20
mm (to ensure steady motion), as shown in Figure 4.3(a). The distance (Az) between
two consecutive edges (i.e. LFW or HFW) was initially set to the maximum value

of 15 mm but then adjusted dynamically based on the subjects’ response. When



Chapter 4: Perception of Consecutive Changes in Friction 39

fo

Fixed Varied Fixed

1519
20 mm Ax 20 mm \ —o—Response

‘é - Q e Reversal Points
1 FF RF a ’E\ 10 F \\‘ Threshold
. - LFW ~ & g | e
I, 1 =3 = \

153

< 51 ;
T — HFW g fog Mo@‘f%.‘s.z@’o
@ RF FF é‘ 0 . LCo@e? . . . . .
55 0 5 10 15 20 25 30 35 40

Trial No.

(a) (b)

Figure 4.3: Experimental procedure for evaluating the spatial threshold between two
consecutive virtual edges (EXP-1). (a) Types of desired edge sequences (Es,), (b)
an example for experimental trial.

the motion was stopped, subjects were asked if they felt two distinct edges. If their
response was “YES”, we decreased Az by 2.5 dB, however, if they reported only
one edge (“NO” response), we increased Az by 2.5 dB. We presented the stimuli on
the rightward and leftward direction of their finger scan. The process was repeated
for twelve reversals. If they could not detect two edges even after Az of 15 mm,
we restarted the experiment (twice only) after a short break. They were allowed to
repeat any trial only once. They had to lift their finger up at the end of each scan
to wait for the next one. We implemented this protocol to remove any build up
stress on their finger during tangential motion. It took 5 to 7 minutes for subjects
to reach a threshold value under each rendering condition. To reduce the learning
effect, we permuted the order of rendering conditions by which subjects performed
the experiment. Each subject completed the experiment in two days (four rendering
conditions per day).

We calculated the spatial threshold (Ax) by averaging the last eight reversals of
each trial (see Figure 4.3(b)). The spatial threshold values were converted to temporal
ones using At = Azx/f,. We performed three-way repeated measure ANOVA to
analyze the effects of independent factors f,. Vimp, and Ey., on spatial threshold. For
pair-wise comparisons, the significance level for each comparison was adjusted using

Bonferroni correction.
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Figure 4.4: Thresholds to discriminate two consecutive virtual edges in EXP-1 (mean
values and standard deviations); a) spatial threshold, and b) temporal threshold. Red
and gray bars are for F'FF — RF and RF — F'F, solid and dotted bars are for f, of
30 and 60 mm/s, blue and green bars are for Vi, of 1 and 2 pm, respectively.

4.1.3  Results

During the experiment, some subjects had difficulty in detecting two consecutive edges
under the condition of RF — FF. A few amongst them reported that they could feel
a sharp rise in friction followed by a slower decrease, which they could not classify
as an edge. However, almost all subjects performed very well under F'F' — RF'. For
further analysis, we only considered the results of 12 subjects (5 females) who showed
converging response under all rendering conditions. The discrimination thresholds in
spatial and temporal domains (Az and At) for all rendering conditions are shown
in Figure 4.4(a) and Figure 4.4(b), respectively. The mean thresholds against all
independent factors are listed in Table 4.2.

e The results showed that the effect of finger velocity (f,) on spatial threshold
was not significant (F'(1,11) = 3.0,p = 0.11).

e The spatial threshold was significantly lower for F'F' — RF', as compared with
RF — FF (F(1,11) = 25.9,p < 0.001).

e There was no significant effect of vibration amplitude (V,,,,) on spatial thresh-
old. However, we observed an interaction effect of Vg, X E,, on the spatial

threshold (F(1,11) = 12.7,p = 0.004). A post-hoc analysis showed that Vi,



Chapter 4: Perception of Consecutive Changes in Friction 41

Table 4.2: Mean thresholds to discriminate two consecutive virtual edges (EXP-1).

Independent Factors Az & SEM At & SEM

(mm) (5)
fo 30 mm/s 2.944+0.35  0.10+0.01*
60 mm/s 3.60+0.42  0.06+0.01*
v 1 pm 3.11+£0.33  0.07£0.01
amp 2 pm 3.40+0.42 0.0840.01

FF — RF  21440.26% 0.054+0.01*
RF — FF  4.454+0.57% 0.114+0.01*

*Statistically significant

Eseq

affected RE' — F'F (p = 0.05). This is evident if rendering conditions 2 and 4

are compared in Figure 4.4(a).

4.2 EXP-2: Discrimination of Virtual Periodic Gratings

The goal of the second experiment was to estimate the difference threshold between
spatial periods of two periodic gratings.

Eleven subjects (4 females) with an average age of 30.2+ 2.9 years participated in
the experiment. The experimental and ethical protocols followed in this experiment

were the same as in EXP-1 in this chapter.

4.2.1  Ezperimental Design

We considered three independent factors; rendering length (Rjengr, = 20, 30, and
40 mm), finger velocity (f, = 30 and 60 mm/s), and waveform (Wy,, = W}, and
W?..). The vibration amplitude (Vi) was fixed to 1 pm. Therefore, there were a
total of 12 rendering conditions (sce Table 4.3). In W}, we fixed low friction width
(LFW) and varied high friction width (HFW), while in W7, . we fixed HFW and
varied LE'W (Figure 4.5(a)). The fixed width in both waveforms was taken as 1 mm,
which was below the spatial threshold estimated in EXP-1. This ensured that two

edges across fixed width were perceived as a single pulse by the subjects. Therefore,
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Table 4.3: Rendering conditions for EXP-2.

Rendering  Riength fo

Conditions  (mm)  (mm/s) Wirm
1 20 30 1
2 20 30 2
3 20 60 1
4 20 60 2
5 30 30 1
6 30 30 2
7 30 60 1
8 30 60 2
9 40 30 1

10 40 30 2
11 40 60 1
12 40 60 2

in W}Tm, we rendered a multiple sequence of consecutive edges FFF — RF (i.e. a
series of pulses resulting in high friction between fingerpad and the touch surface on
average). In W7, . we rendered a multiple sequence of RF — FF (i.e. a series of
pulses resulting in low friction between fingerpad and the touch surface on average),

as depicted in Figure 4.5(a).

4.2.2  Procedure

We rendered gratings with higher and lower number of friction pulses on the alterna-
tive directions (rightward and leftward) of finger scan. At the start of the experiment,
we rendered one vs. two pulses on the alternative directions but then monotonically
increased /decreased the number of pulses by two in each direction based on subjects’
response while keeping the difference as one always. The direction in which we ren-
dered a higher number of pulses was randomized during each trial. Subjects had
to identify the direction (rightward or leftward) in which they felt more number of

friction pulses. We used three up and one down transformed staircase method as
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Figure 4.5: Experimental procedure for evaluating the difference threshold between
spatial periods of two virtual textures in EXP-2. (a) Types of desired waveforms
(W), (b) an example for experimental trial.

elaborated in [Zwislocki and Relkin, 2001], which converges on the 75% correct level.
Hence, if subjects gave three correct answers, we increased the number of pulses in
alternative directions to three vs. four, five vs. six, seven vs. eight, and so on. In
case of a wrong answer, we decreased the number of pulses by two in each direction.
The step size was reduced to one pulses after the first reversal. The experiment was
stopped after seven reversals. Similar to EXP-1, subjects were allowed to repeat any
trial only once, and we permuted the order of rendering conditions by which subjects
performed the experiment. Each subject completed the experiment in three days
(four rendering conditions per day).

We estimated the convergent value for lower and higher number of pulses by av-
eraging the last five reversals as shown in Figure 4.5(b), and then rounded it to the
nearest integer. Then, we calculated the spatial periods S P"9" and S P'"" correspond-
ing to the lower and higher number of pulses, respectively. To interpret the results, we
calculated the absolute difference between spatial periods (ASP= SP"dh — §plow),
mean spatial period (SP= (SP"9" 4+ SP'")/2), and the relative difference between
spatial periods (Rgi;;=ASP/SPx100) at the threshold level. We performed three-
way repeated measure ANOVA to analyze the effects of independent factors Riengtn,
fv and, Wy, on Ryipp. During the statistical analysis, we adjusted the degree of free-

dom using Greenhouse-Geisser correction whenever the sphericity assumption was
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Table 4.4: Mean thresholds to discriminate virtual periodic gratings (EXP-2).

Independent Factors ASP £ SEM  SP £ SEM  Raiyy + SEM

(mm) (mm) (%)
20 mm 0.444-0.05* 2.940.16* 14.2+0.8

Rlength 30 mm 0.734:0.10%* 4.40.32* 14.7+1.1
40 mm 0.8440.09* 5.6+0.32* 14.0+0.8

30 mm/s 0.58+0.07* 4.0+0.26* 13.3+0.8*

fo 60 mm/s 0.76+0.08* 4.6+0.26* 15.34+0.9*
W 1 0.64£0.07 4.2£0.23 14.0+£0.7
frm 2 0.71+£0.09 4.440.28 14.74+0.9

*Statistically significant

violated.

4.2.3  Results

The mean thresholds for all independent factors are tabulated in Table 4.4. The

results showed that:

e Increasing the rendering length (Rjeng), also increased the absolute difference
between spatial period, ASP (F(2,20) = 12.5,p < 0.001) and mean spatial
period, SP (F(2,20) = 52.9,p < 0.001) required to differentiate two virtual
gratings. However, the relative difference between spatial periods (Rgiry) re-
mained the same with no significant effect of Rjepngen (£(2,30) = 0.37,p = 0.69),

as shown in Fig 4.6.

o Ryisy slightly increased with increasing finger velocity, f, (F(1,10) = 6.25,p =
0.031).

o ANOVA test reviled no significant effect of waveform (Wy,,) on Ry (£(1,10) =

1.03,p = 0.33), and no significant interaction between the independent factors.
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Figure 4.6: Thresholds to discriminate virtual periodic textures in EXP-2 (mean
values and standard deviations); a) absolute difference between spatial periods, b)
mean spatial periods, and c) relative difference between spatial periods. Red and
gray bars are for W}, and W7, solid and dotted bars are for f, of 30 and 60 mm/s,
respectively. Cross, plain and horizontal hatched bars are for Rje,qe, of 20, 30 and 40
mm, respectively.

4.3 EXP-3: Roughness Perception of Virtual Gratings

We investigated the roughness perception of virtual textures in spatial and temporal
domains.

Eleven subjects (3 females) with an average age of 29.7 £ 3.9 years participated in
this experiment. The experimental and ethical protocols followed in this experiment

were the same as in EXP-1.

4.3.1 FExperimental Design

To investigate the roughness perception, we selected three independent factors: spatial
period (SP), finger velocity (f, = 30 and 60 mm/s), and waveform (Wy,,, = W}Tm
and Wfrm). We have chosen seven different SPs in macro-texture range, varying
from 2.5 to 7.4 mm with an increment of 20% as shown in Figure 4.7. The increment

(20%) was selected as higher than the relative threshold value estimated in EXP-2.
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Figure 4.7: Spatial period (SP) and temporal frequency (w=SP/f,) of virtual tex-
tures rendered in roughness perception experiment (EXP-3).

We fixed rendering length (Rjengn) to 30 mm, and vibration amplitude (V) to 1
pm in this experiment. Hence, there were 28 rendering conditions, repeated 10 times,

making a total of 280 trials for each subject.

4.3.2  Procedure

We rendered each stimulus on the rightward scan first. Then, subjects lifted their
finger up and the same stimulus was repeated on the leftward scan. We monitored the
mean normal force (F,) on both scans. If F,, was outside the desired range (0.25 +
15% N), the subjects were prompted to repeat the trial. We have chosen F,, of 0.25 N
because this was the most comfortable force reported by a number of subjects during
the preliminary experiments. On the completion of each trial, the subjects were asked
to rate the roughness they perceived using an integer value with no constraints on its
limit (a higher number for rougher surface). They were allowed to repeat each stimulus
twice only. The trials were randomized, while the same randomization pattern was
used for each subject. The experiment took approximately 45 minutes, and subjects
completed it in two sessions.

For the analysis, we first normalized the roughness estimates of each subject. For
that, we divided the scores of each subject by his/her geometric mean, and then mul-

tiplied it with the overall geometric mean of all subjects. We performed three-way
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Figure 4.8: Perceived roughness (mean values and standard errors) of virtual textures
in spatial (a) and temporal (b) domains.

repeated measure ANOVA to analyze the effects of f,, Wy, and SP on normal-
ized roughness score. We adjusted the degree of freedom using Greenhouse-Geisser
correction whenever necessary. For pair-wise comparisons, the significance level was
adjusted by Bonferroni correction.

We also analyzed the force data recorded during the experiment to calculate met-
rics based on friction coefficient. To calculate friction coefficient (u = Fy/F},), we took
a window of duration #*** = Riengin/ fo, starting from the moment we rendered the
first edge. The mean value of friction coefficient (1) was calculated by averaging p for
the interval of #°'®. To analyze the rate of change in friction (du/dt), we computed
its RMS wvalue for cach spatial period, and then calculated the overall average for
all spatial periods (W) Finally, we used Spearman correlation to investigate the

relation between roughness perception and friction metrics.

4.83.8 Results

The mean roughness scores of subjects in spatial and temporal domains are reported

in Figure 4.8(a) and Figure 4.8(b), respectively. The results showed that:

e Perceived roughness decreased with spatial period, SP (F(1.1,11.3) = 23.1,p <
0.001), and increased with finger velocity, f, (F£(1,10) = 6.91,p = 0.025).
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Figure 4.9: Vibration amplitude and friction coefficient recorded at 30 mm/s for a)
W;T’m and b) W)%rm'

e The subjects perceived W}, significantly rougher than W7, (F(1,10) = 8.90, p =
0.014).

e There was a significant interaction effect of SP x f, (F(6,60) = 6.8,p < 0.001),
and SP x Wy, (F(6,60) = 5.8,p < 0.001) on perceived roughness. Post-hoc
pairwise analysis showed that effect of Wy,,, was significant for SP > 3 mm

(p = 0.04), and effect of f,, was significant for SP > 4.6 mm (p = 0.001).

e The modulated friction profile resembled to desired square signal more for W}Tm

as than W7, (Figure 4.9).

e There was a significant effect of Wy, and SP (p < 0.001) on @ and dyu/dt
(Figure 4.10).

e There was a significant effect of f, on du/dt (p = 0.05).

e Correlation analysis between roughness scores and friction metrics showed a
moderate correlation for du/dt (rs = 0.58,n = 308,p < 0.001) and a weak
correlation for @ (ry = 0.30,n = 308, p < 0.001).
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Figure 4.10: Friction metrics (mean values and standard errors).

4.4 Discussion

4.4.1  Discrimination Threshold for Two Virtual Edges

In EXP-1, we measured the spatial threshold distance (Az) between two consecutive
edges under F'/F' — RF as 2 mm. Interestingly, this value is approximately equal
to the two-point discrimination resolution of human index finger [Won et al., 2017].
Tactile perception of virtual edges rendered by ultrasonic actuation was also inves-
tigated by [Gueorguiev et al., 2017b] in temporal domain. However, they did not
control finger velocity, while vibration amplitude was actively maintained at 1.25 pm.
They reported a temporal threshold duration of 0.05 s. Hence, our results supported
their observation, as we also found temporal threshold duration (At) of 0.05 s under
FF — RF. In case of RF — F'F, the threshold value was higher, indicating that it
was more difficult for the subjects to discriminate two edges under this condition. As
shown in Figure 4.9 (see the shaded window), F'F' — RF produced a sharper change
in friction response as compared with RF — F'F. This was due to the slower dy-
namics of rising friction (RF’) than falling friction (F'F’), which is in line with earlier
findings [Meyer et al., 2014]. Hence, it is not surprising that subjects detected two

consecutive edges more easily under F'I' — RF.
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4.4.2  Discrimination of Virtual Periodic Gratings

The results of EXP-2 showed that a relative difference (Rgrr) of 14% in spatial
period was necessary to differentiate virtual periodic gratings. [Biet et al., 2008a]
have reported a Weber fraction of 9% for the discrimination of two periodic square
gratings, rendered by ultrasonic actuation. Several factors might have contributed to
the difference; we used a staircase method, and the two gratings being compared in
our study were always differed by one spatial period only, which makes it more difficult
to differentiate them. On the other hand, spatial period was altered explicitly using
the method of constant stimuli in [Biet et al., 2008a]. Furthermore, we controlled the
finger velocity (f,), and the subjects were allowed to explore a stimulus only twice.
However, finger velocity was not controlled, and there was no limit on exploration
time in [Biet et al., 2008a]. Nevertheless, the spatial discrimination thresholds of
virtual square gratings tested in our study and [Biet et al., 2008a] are higher than the
real ones [Morley et al., 1983].

4.4.3 Roughness Perception of Virtual Gratings

The results of EXP-3 showed that perceived roughness decreased with increasing spa-
tial period (SP), though the decrease was more significant for W7, . as expected
(Figure 4.10(a)). A similar decrease in roughness perception with increasing spatial
period has been reported for virtual textures rendered by electrovibration [Vardar
et al., 2017b], and also for a force feedback device that can display tangential forces
only [Smith et al., 2010]. On the other hand, roughness perception of real periodic
textures increases with increasing groove width, but decreases slightly with increasing
ridge width [Taylor and Lederman, 1975, Lederman, 1983, Morley et al., 1983, Sathian
et al., 1989, Yoshioka et al., 2001,Cascio and Sathian, 2001, Lawrence et al., 2007, Drew-
ing, 2018]. Nevertheless, a decrease in roughness perception with increasing spatial
period was observed for linear gratings when the height of ridges was low [Drewing,
2016]. Therefore, the difference in perception between the real textures in the earlier

studies and the virtual textures in studies [Smith et al., 2010, Vardar et al., 2017b]



Chapter 4: Perception of Consecutive Changes in Friction 51

and also our study is not surprising due to missing spatial cues on height in virtual
textures rendered by friction modulation. Correlation analysis showed a moderate
positive correlation between perceived roughness and rate of change in friction co-
efficient (dp/dt), as also reported earlier by others for real [Smith et al., 2002] and
virtual [Vardar et al., 2017b] periodic gratings. On the other hand, a significant cor-
relation between friction coefficient and roughness perception was reported in [Smith
et al., 2010], though we observed a weak correlation. As shown in Figure 4.10, W}Tm
resulted in higher 7z and W on average as compared with Wfrm. This explains
why W7, was perceived rougher than W7~ (Figure 4.8).

The results of our experiment also showed that, despite doubling of finger velocity
(fy), the maximum perceived roughness remained almost the same (see roughness
scores for SP = 2.5 mm rendered at w = 12 and 24 Hz in Figure 4.8(b)). Therefore, the
results rejected our initial hypothesis that the perception of virtual periodic textures
is more dominantly governed by temporal cues since spatial cues in normal direction
cannot be rendered directly by friction modulation. In fact, effect of spatial cues
on roughness perception of virtual textures raises several questions regarding the
underlying neural mechanism. The maximum value of w in our experiments was
significantly lower than the sensitivity range (80 Hz and above, [Freeman and Johnson,
1982]) of PC afferents. Yet, [Vardar et al., 2017a] showed that PC afferents play an
important role in the detection of square gratings rendered by electrovibration at low
frequencies (< 60 Hz). However, if the decrease in roughness perception was primarily
mediated by PC afferents, then one should expect a dominant effect of temporal
frequency, as observed in [Cascio and Sathian, 2001], which was not the case in our
experiment. Similarly, it is less likely that SA1 afferents have played a significant
role in the tactile perception of virtual textures in our experiment due to missing
spatial cues on texture height. Although, SA1 afferents are also sensitive to tactile
slip due to skin deformation [Srinivasan et al., 1990], the performance degrades rapidly

above 5 Hz [Freeman and Johnson, 1982]. On the other hand, RA-afferents respond

more robustly to coarser textures [Johnson, 2001, Weber et al., 2013] and four times



Chapter 4: Perception of Consecutive Changes in Friction 52

Dominant Dominant
Temporal Cues Spatial Cues
N @ ~~_"
wn)
wn
4 .
= e
< e
3
g
= 2
9] 7
> p o
‘5 | Hypothesized trend Area of contribution
% for future work by this study
- SP

Figure 4.11: A hypothetical curve explaining the roughness perception of virtual
textures.

more sensitive to dynamic skin deformation than SA1 afferents, and provide essential
feedback for grip control through micro-slips. They respond to low frequency stimuli
more robustly than PC afferents [Freeman and Johnson, 1982, Johnson et al., 2000,
Johnson, 2001]. Using microneurography technique, [Birznieks et al., 2001] showed
that SAI, SAIT and RA afferents all respond to tangential forces applied to the human
fingerpad. They observed that RA afferents respond more strongly for tangential
forces in radial direction, while SA1 and SA2 afferents are biased towards distal and
proximal directions, respectively. Therefore, RA afferents might have played a role
in the perception of virtual textures rendered in our study. Furthermore, [Moscatelli
et al., 2014] have shown that humans can estimate the length of spatial paths from
the tactile slips displayed on the fingerpad using a servo controlled rotating ball.
Hence, it is quite possible that our subjects were able to resolve successive micro-slips
to spatial periods with the help of RA afferents. However, further investigation is
indeed required to better understand the underlying neural mechanism.

On the other hand, we should point out that effect of spatial cues on roughness
perception is likely to be valid within our tested range of spatial periods only. A trend
of flattening or decrease in roughness perception at smaller spatial periods (i.e higher
temporal frequency) is reported for virtual textures in [Vardar et al., 2017b, Unger

et al., 2011]. Similarly, [Ahmaniemi et al., 2010] investigated the perception of virtual
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textures displayed by a hand held vibrotactile actuator. They reported that the
textures created with a carrier frequency of 10 Hz were perceived rougher than those
of 20 Hz. Therefore, an inverted U-shaped trend is likely to be observed when micro

textures are investigated, which is the topic of our future studies (Figure 4.11).
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Chapter 5

CONCLUSION AND FUTURE WORK

Using an ultrasonic tactile display, we investigated our tactile perception of change
in friction (virtual edge), rendered by rising friction (RF') and falling friction (F'F).
For a sliding-finger, subjects’ psychometric curves for RF and F'F were almost iden-
tical, while they felt the friction change for F'F' only when they gently pressed their
finger on the surface without sliding, as in key press. On the other hand, when
the sliding experiment was repeated at stimuli levels significantly higher than the
detection threshold level, RF was perceived more strongly than F'F'. These results
suggest that the factors affecting our tactile perception of friction change for sliding
are different than those of no-sliding. For sliding-finger, our results suggest that the
perceived intensity of friction change was best correlated with tangential force con-
trast (F3C') and rate of change in tangential force (dF;/dt). A simple linear model
using only those two metrics estimated the subjects’ perception quite well. However,
the difference between the correlation coefficients for F;C' and puC' was not significant,
as tabulated in Table 3.5. Either can be used with dF;/dt to estimate the subjects’
perception.

Intensity scaling experiments showed that the finger velocity has little or almost
no effect on our tactile perception of virtual edges. However, subjects’ perception was
affected by the transition time (i.e. slope of the friction change) and the normal force.
As the transition time was longer (and hence the slope was lower), the strength of
their perception was reduced. As the normal force was increased, subjects perceived
a stronger change in friction, though the perceptual difference between RF and F'F
was reduced. However, the effects of finger velocity, transition time and normal force

on threshold levels cannot be ascertained by our experiments.
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We proposed that the perceptual difference between RE and F'F during finger
sliding was due to viscoelastic properties of fingertip. We supported this claim by
relating our results with those of the earlier studies in the literature. In order to
provide a further support, skin deformations in fingertip can be analyzed during
friction change, using a high-speed camera and computer vision techniques, as done
in [Wiertlewski et al., 2016].

In this second part of the thesis, we investigated the spatial discrimination of vir-
tual edges and roughness perception of virtual square gratings generated by consec-
utive virtual edges, all in macro-scale. We observed that virtual edges were detected
by the subjects if the distance between them (spatial threshold) was more than 2
mm, provided that the first edge was rendered by a F'F' and second one by a RF'. In
the case of opposite edge sequence, the mean distance between the edges was above
4 mm. We found that a relative difference of 14% in spatial period is necessary in
perceived roughness for the discrimination of virtual gratings. Finally, we investi-
gated the roughness perception of virtual gratings for different spatial periods. The
results showed that the roughness perception of square gratings followed a decreasing
trend with increasing spatial period, and rate of change in friction was more strongly
correlated with roughness perception than friction coefficient itself. The results also
suggested spatial period played a significant role in roughness perception of virtual
gratings rendered by ultrasonic actuation despite the missing spatial cues in the di-
rection normal to the touch surface.

Our results are valid for macro-textures having a spatial period greater than 2
mm. The open-loop nature of our system prevented us from studying finer textures.
Future work involves investigating the roughness perception of virtual textures over
a wider range (see Fig. 4.11). Furthermore, possible effect of vibrotactile masking on
tactile discrimination and roughness perception is another avenue that we would like
to explore. We hope that this will shed further light on the mechanisms behind our

perception of friction and change in friction rendered on touch surfaces.
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