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ABSTRACT

This thesis aims to design a piezo-actuated touch screen for displaying vibrotactile haptic
feedback. We have designed a touch screen to display haptic bumps to a user via four
rectangular piezo patches attached to its surface. Using a finite element (FE) model, the
dimensions of the screen and the appropriate boundary conditions are determined carefully
based on the range of vibration frequencies detectable by a human finger. Then, the
optimum configuration (location and orientation) for the piezo patches is determined such
that the vibration amplitude of the screen is maximized for a unit voltage applied to each
piezo patch. Our FE analysis shows that the best output is obtained when the piezo
actuators are placed close to the boundaries and not the free edges. In order to validate the
results obtained through the FE model, an experimental modal analysis of the glass plate is
also performed using a laser Doppler vibrometer (LDV). Following the design and
characterization of the plate, we have investigated the effect of displaying haptic bumps
through the plate on human perception of roughness by conducting psychophysical
experiments with 10 subjects. To generate the desired haptic bumps displayed to the
subjects, the high frequency vibrations of the plate at its first resonance frequency is
modulated with desired low frequency unipolar pulse waves in different shape (sinusoidal,
square, sawtooth), peak amplitude, duty cycle, and spatial frequency. The subjects are
asked to rate their tactile perception of 81 different haptic bumps on a Likert scale of 1-7
using the adjectives of smooth-rough and flat-bumpy. The results of the user study show
that the perceived roughness increases with increasing peak amplitude, duty cycle, and
spatial frequency. The subjects perceived the square wave as the roughest while the
sawtooth was perceived as the smoothest among 3 waveforms. It is also observed that there
is a close relation between the root mean square (RMS) values of the signals and roughness

perception. Perception of roughness increases as the RMS values of the signals increases.



OZETCE

Bu tezin amaci, titresim bazli dokunsal geribildirim saglamak igin piezoelektrik
eyleyiciler araciligiyla uyarilan dokunmatik bir ekran tasarlamak ve bu diizenek
araciligryla insanlarin piiriizliiliik algisint 6lgmektir. Cam ekran yiizeyine yapistirilan dort
piezoelektrik eyleyici araciligiyla, kullanicitya dokunsal tiimsekler goriintilleyecek bir
dokunmatik ekran tasarlanmistir. Sonlu elemanlar modeli kullanilarak sistem i¢in uygun
ekran boyutlari, sinir kosullart ve piezoelektrik eyleyiciler i¢in ideal konfigilirasyon
belirlenmigtir. Sinir kosullarinin belirlenmesinde insan parmagi tarafindan algilanabilen
titresim frekans arali1 dikkate alinmistir. ideal konfigiirasyon segiminde ise piezoelektrik
eyleyicilere uygulanan birim voltaj karsiligi ekranda elde edilen maksimum titresim genligi
esas alimmustir. Analiz sonuglart en iyi verilerin piezo eyleyiciler smirlara yakin
yerlestirildigi zaman elde edildigini gostermistir. Cam levhanin lazer-Doppler titresim-
Olcer araciligiyla deneysel modal analizi gergeklestirilmis ve bu sonuglar sonlu eleman
modeli araciligiyla elde edilen sonuglarla karsilagtirilip dogrulanmistir. Cam levhanin
tasarimi ve karakterizasyonunun ardindan 10 kisi ile psikofiziksel deneyler yapilmistir. Bu
deneylerde cam levha {izerinde olusturulan dokunsal tiimsekler araciligiyla insanlarin
plrizli ylizey algist arastirilmistir. Levhanin ilk rezonansina karsilik gelen yiiksek
frekansli titresimler ile farkli sekil (siniis, kare, testere disi dalga), genlik, gorev dongiisii
ve uzay frekansina sahip, diisiik frekansli, tek kutuplu nabiz dalgalari modiile edilerek,
deneklere iletilecek olan dokunsal tiimsekler yaratilmistir. Deneklerden dokunsal algilarini
plirlizsiiz-piirtizlii ve diiz-inisgli ¢ikish sifatlarimi kullanarak Likert 6l¢eginde 1-7 arasinda
derecelendirmeleri istenmistir. Deneklerle gergeklestirilen deneylerin sonuglari piiriizliilik
algisinin genlik, gérev donglisti ve uzaysal frekansindaki artigla dogru orantili oldugunu
gostermistir. Denekler ii¢ dalga cesidi arasindan kare dalgayr en piiriizli, testere disli
dalgay1 ise en piiriizsiiz olarak algilamislardir. Bunlarin yaninda sinyallerin karekok

ortalama degerleri (rms) ile piirtizliiliik algisinin dogru orantili oldugu da gézlenmistir.
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Chapter 1

INTRODUCTION

Touch screens have been used over a wide range of portable devices nowadays, but our
interactions with these devices mainly involve visual and auditory sensory channels, which
are already overloaded. While a commercial touch screen can detect finger position, it does
not provide the user with haptic feedback. However, it is known that our fingers are
sensitive to electrotactile or vibrotactile stimulus in varying peak amplitude, duration and
frequency. Hence, haptic feedback can be used in touch screens as an additional sensory
channel to convey information and also lighten the perceptual and cognitive load of the
user.

The research groups working in this area have proposed and designed haptic feedback
systems based on either electrostatic or electromechanical actuation. Kaczmarek et al. [1]
developed an electrode based system to produce electrostatic actuation. The electrodes
were coated to prevent direct contact of the finger with them and they were arranged as a
7 x 7 matrix forming a square pattern. The aim was to investigate the effect of polarity of
the pulses on the perceptual sensitivity. The results of the study showed that the sensitivity
of the subjects to the positive pulses was less than that of the negative or biphasic pulses.
Yamamato et al. [2] developed a telepresentation system for tactile exploration of remote
surface textures. This system was made of two parts: a tactile sensor on the slave site and a
tactile display utilizing an electrostatic actuator on the master site. As the user moves
her/his finger on the display, the tactile sensor simultaneously scans the texture surface and
the surface roughness recorded by the sensor is displayed to the user through the tactile

display by applying two-phase cyclic voltage patterns to the electrodes. They conducted a
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user study and reported that the subjects correctly matched the textures at the remote site to
the local ones with a success rate of 79%. Bau et al. [3] from Disney Research developed
TeslaTouch working with the electrostatic actuation principle. They controlled the
frictional force between the user finger and the touch screen by modulating the frequency
and the amplitude of the electrostatic force. The disadvantage of the electrostatic actuation
method is that haptic feedback can be displayed to user only when her/his finger is moving
on the touch screen. To provide haptic feedback to a stationary finger, electromechanical
actuation (electric motors or piezo actuators) have been utilized. Fukimoto and Sugimura
[4] presented the concept of “active click” on touch panels, which utilizes electric motors,
integrated into a PDA, to display button click effect. They suggested that active click can
improve the usability of touch panels, especially in noisy environments. Kim and Kim [5]
developed a haptic processor that can control multiple electric motors to create a
vibrotactile wave, traveling on a touch screen. While an electric motor is compact, cost
effective, and easy to integrate into a touch screen, it operates in a narrow frequency range,
limiting its bandwidth. To be able to use a wide range of actuation frequencies and hence
to create richer haptic effects, piezo actuators are preferred over electric motors. The piezo
actuators are also compact and can be easily mounted on a touch screen, but typically
require higher voltage input. Biet et al. [6] used piezo actuators to create squeeze film
effect between the user’s finger and the surface of a touch screen by actuating the piezos at
ultrasonic frequencies. By controlling the thickness of the squeeze film, square gratings
were simulated. Giraud et al. [7] designed a haptic knob using a similar principle. Winfield
et al. [8] developed TPaD by attaching a piezo disk to a glass plate. Again, ultrasonic
frequencies are used to modulate the friction coefficient between the user’s finger and the
plate surface. Chubb et al. [9] further extended this idea in ShiverPaD by oscillating the
plate in-plane via a voice coil. Hence, the ShiverPaD is capable of applying and controlling
shear force on a finger regardless of its direction of motion. Dai et al. [10] designed
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LateralPaD that can generate active lateral forces on a bare finger by creating simultaneous
out-of-plane and in-plane vibrations on the plate surface.

Our work focuses on displaying vibrotactile haptic effects to a user through a touch
screen via electromechanical actuation principle. We believe that the haptic effects that
can be displayed through the touch screens will be richer and more engaging as the number
and the quality of the vibration actuators attached to them increase. On the other hand, the
engineering design of such systems will be highly challenging due to technological
constraints (such as high power consumption) and the constraints associated with the
human tactile perception. In this paper, we present a methodology based on finite element
modeling (FEM) and experimental modal analysis for end-to-end design of touch screens
for displaying vibrotactile haptic feedback via multiple piezo patches attached to the
screen. To our knowledge, such a systematic analysis based on FEM approach has not been
performed to date. The FEM approach is used to select screen dimensions, appropriate
boundary conditions, and the piezo configurations (location and orientation) on the screen
for achieving optimum performance within the limits of human haptic perception.

The proposed design approach enables us to generate programmable out-of-plane
vibrations on the touch screen to display a rich set of haptic effects to a user. To generate
various haptic effects displayed through the screen, we modulate the high frequency out-
of-plane vibrations of the plate at first resonance frequency (carrier signal) with low
frequency waves in different shape (sinusoidal, square, and sawtooth), peak amplitude, and
duty cycle. The concept of amplitude modulation for generating vibrotactile effects is not
new (Maeno et al. [11], Brown et al. [12], Ahmaniemi et al. [13], Park and Choi [14]). In
these studies, the vibrations are displayed by a vibrotactile actuator held by a user. Hence,
either the signal has no spatial component or the haptic feedback is passive. On the other
hand, in our approach, the vibrotactile haptic effects are displayed to the finger of a user
moving on the glass plate. Hence, our haptic feedback is active. Also, our vibrotactile
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stimuli have components in both time and spatial domains since we alter the number of
bumps displayed to the user according to the finger velocity. As a result, haptic patterns (in
the form of out-of-plane vibrations) that are different along the long and short edges of the
touch screen can be generated by altering the parameters used to create the vibrotactile
stimuli.

Such a rich set of haptic effects can be used for various applications including,
communication, games and entertainment, education, data visualization, and interface
development for blinds. We imagine that haptic effects can be used to send a personal
message to loved ones in the form of a beating heart, to select the fabric of a cloth by
touching and feeling its textures during online shopping, to teach mathematics to primary
school students (e.g. dragging one number to the other to obtain the desired sum while
feeling haptic resistance for incorrect matching), to differentiate the feel of riding a bicycle
on smooth, bumpy, and sandy roads during game playing, to design a haptic user interface
(e.g. dragging folders and differentiate the amount of data in them based on the haptic
resistance).

This thesis is organized as follows: We introduce our piezo-actuated touch screen and
discuss its design details in Section 2. In Section 3, the methods for displaying haptic
effects through the touch screen are explained. In Section 4, the stimuli and the
experimental design are presented. In section 5, results of the experiments are given.
Finally, the discussion of the results and the conclusions are given in section 6 and 7
respectively.
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Chapter 2

METHODS AND MATERIALS
2.1 Design of our Touch Screen

In order to construct the system shown in Figure 2.1, we first decided on the type of
thin-film piezo actuators and then purchased them from the manufacturer (Pl DuraAct P-
876.SP1). In addition to being compact, this type of piezo-electric patches are lightweight,
hence the additional weight due to coupling with the glass plate shown in Figure 2.1 is
negligible compared to the own weight of the plate. Besides these advantages, the

insulation layer enables it to be attached to the glass plate easily.

| ” /y IPrTfraer;routch Frame
M iezo Actuators
O\ /’”\ LN 70N /'

— Glass Plate

Figure 2.1: Our vibrotactile touch screen: The user feels the vibrotactile effects in the form
of bumps generated by piezo actuators glued on a glass screen as she/he actively moves
her/his finger on the screen. The magnitude, spatial frequency, duty cycle, and the shape of

the bumps can be altered to induce application-specific tactile sensations on the user.

We glued one of the piezo patches on a glass plate and conducted some initial
experiments by applying alternating voltage to the piezo patch through a signal generator

and an amplifier to vibrate the glass plate. We observed that the vibrations are localized
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around the attached piezo patch and a single patch is not sufficient to vibrate the whole
plate. Hence, we decided to investigate the optimum number and placement of piezo
patches on the glass plate. Currently, there are no established methods on a) how many
piezo patches must be used and b) how they must be attached to a touch screen to generate
the desired haptic effects. Since the piezo patches cannot be easily detached from the glass
plate once they are glued to its surface, it is more convenient to make this analysis in a
simulation environment using a finite element package. For this purpose, we developed the
models of the glass plate, the piezo patch actuators attached to it, and the interactions
between them in ABAQUS and then investigated the design trade-offs based on the
amplitude and frequency of the vibrations of the glass plate for 8 different configurations
of the piezo actuators [15]. By running simulations in ABAQUS, we first investigated the
effect of 3 different boundary conditions on the resonance frequency of the plate and then
the effect of piezo locations and orientations on the amplitude of the vibrations of the plate
per unit voltage applied to the piezo patches. For the glass plate and the piezoelectric
actuators, element types C3D20 and C3D20E are used respectively. The material
properties of the glass plate are taken from the literature and given in Table 2.1 and the
properties of the piezoelectric actuator patch can be found from the manufacturer’s
website.

First step of the design process was to perform modal analysis using ABAQUS to
obtain the appropriate boundary condition that provides the smallest resonance frequencies
so that the vibrations created at these frequencies can be detected by human finger. The
results of the modal analysis for 3 different boundary conditions, which are a) the glass
plate fully clamped, b) the long edges of the glass plate are clamped while the short edges
are free, and c) the short edges of the glass plate are clamped while the long edges are free,
are shown in Table 2.2. Since it is desired to vibrate the glass plate within the human
perception limits (0.1-500 Hz) [16] and it would be preferable to include more resonance
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frequencies within this limit to obtain richer effects, third boundary condition is chosen and
a frame which fixes the short edges of the glass plate is designed for the experimental

setup.

Table 2.1: Material properties of the glass plate used in the FE simulations

Density (kg/m3) 2500

Young’s modulus (GPa) 70

Poisson’s ratio 0.24

Structural damping (%) 0.01
Dimensions (mm) 206 x 147 x 1.4

Table 2.2: The first three resonance frequencies of the glass plate for the 3 different

boundary conditions

Boundary First Second Third
Conditions | Resonance | Resonance | Resonance
(Hz2) (Hz) (H2)
a)
D 378 776 1171
b)
307 410 651
C)
I:I 158 244 541
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After selecting the appropriate boundary condition, we focused on selection of the
piezoelectric actuator configurations. Our design consists of four piezoelectric actuator
patches attached to the glass plate in 8 different configurations (C1-C8 in Figure 2.2). To
investigate the effect of piezo configurations (location and orientation) on the displacement
output of the glass plate, out of plane displacements were calculated at 25 grid points (5 x
5) on its surface using the FE model and then the FRF (frequency response function) of
each point was calculated for the 8 different piezo configurations.

Since mechanical and electrical energy are coupled for piezoelectric materials,
constitutive equations are used to represent their behaviors. These equations are derived
using conservation of energy principle and given as [17]:

T=cxS—eXxE 1)

D=e"xXS+eXE 2)
where T is the stress vector, c¢ is the elasticity matrix, S is the strain vector, e is the
piezoelectric constants matrix, E is the electric field vector, D is the electrical displacement
vector, and ¢ is the matrix of dielectric constants. These matrices are entered to the
ABAQUS to model the piezoelectric patches [18] (see Appendix A).

The ABAQUS model utilizes the well-known Hooke’s law between stress and strain
extended by piezoelectric coupling. The electro-elastic response of the glass plate to the
applied voltage is governed by the following finite element equations [19]:

MU + Ky U + Ko @ =F (3)

KpuU + Kpp®@=V (4)
where, M is the mass matrix, K,,,, is the stiffness matrix, K, and K4, are the piezoelectric
coupling matrices, K¢ IS the capacitance matrix, U is the displacement, @ is the electrical

potential, F is the externally applied force and V is the applied voltage. In our case only

voltage is applied and the externally applied force is zero. Substituting zero for F into (3),
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MU + KU + Ky, o @ = 0
MU + K,,U = =K, ;@
and solving for @ using (4), we obtain
&= K@@_I[V - Ku@TU]
Then, substituting (7) into (6), the following relation is obtained,
MU + KU = Ky Koo 'V + Kyo Koo " Kuo' U
MU + [Kuu — Kyo K(D(D_lKucDT]U = —Kyo Koo 'V
which can be written as
MU+ KU =Ty oV
where,
K = Kyy — Kuo K(D(D_lKucDT

Tvo=—Kuo Koo '

()
(6)

(7)

(8)
9)

(10)

(11)

(12)

Equation (8) defines the relation between the applied voltage (V) to the piezo actuators and

the resulting displacement (U) in the glass plate. Applied voltage creates a potential

difference in the piezo actuators, which causes the actuator to bend and the host structure

(the glass plate) to deform. Hence, if the voltage is applied to the piezo patches in the form

of a sinusoidal signal

V= |v|e/ot
the resulting displacements in the glass plate will be also sinusoidal
U= |U|ejwt+ 14

Then, we can obtain the frequency response function (FRF) as

(13)

(14)
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H(w) = U(w)/V(®) (15)

FRF represents the output spectrum of a system in response to an input in ranging
frequencies, and is used to characterize the dynamical response of the system.

A sinusoidal signal corresponding to amplitude of 50 Vpp is applied to the patches and
the displacements are measured in microns. The vibration amplitudes for the center point
of the plate are given in Figure 2.3. If the vibration amplitudes for the first 3 vibration
modes are considered, third, fourth, and fifth piezo configurations are more favorable. This
result suggests that the patches must be placed close to the fixed edges of the touch screen
and not close to its free edges to maximize the displacement output. More details on this

analysis can be found in our earlier publication [15].
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_| -
C1: Honzontally onented patches at the sides C2: Vertically onented patches at the sides
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Figure 2.2: The configurations tested for the piezoelectric patches in the FE model.
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30

20

10 _

Displacement magnitude (dB)

1 2 3 4 5 6 7
Configurations of the piezo patches

Figure 2.3: The displacement magnitudes of the first three resonances of the glass plate for

8 different configurations.

2.2 Experimental Validation

To validate the results obtained through the FE model, experimental modal analysis of
the glass plate is performed (Figure 2.4). To obtain the FRFs experimentally at the grid
points of the glass plate, we used the frequency sweep approach. The glass plate is actuated
by applying a sinusoidal voltage (input) with an amplitude of 50Vpp to the patches via a
high voltage amplifier (Model: E-413 DuraAct Piezo Driver, Pl systems) in the frequency
range of 1-625 Hz and the vibrational velocity (output) is measured by a LDV at the same
25 grid points on the glass plate used for the FE analysis. The collected data is processed
through NetDB signal analysis software to obtain the FRFs at the grid points. Using the
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experimental FRFs, the resonance frequencies of the plate and its mode shapes (i.e.
deflection profiles) at those resonance frequencies are determined. The FRF data collected
through NetDB software at the grid points is interpolated using a MATLAB script to
display the first three mode shapes of the glass plate as shown in Figure 2.5 (bottom row).
When they are compared with the ones obtained from the FE model, a close match is
observed. The FRFs of the grid points A and B (see Figure 2.4(b)), where point A is at the
center, are shown in Figure 2.6 for the first three resonance frequencies. Since the center
point A lies along the nodal line in the second resonance mode (see Figure 2.5), the second
resonance is observed at point B only.
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Figure 2.4: (a) The experimental set-up used for experimental modal analysis. (b) The data

flow in our measurements.
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| N
Figure 2.5: Comparison of the first three mode shapes obtained by FEM (upper row) with

the experimental ones (bottom row).
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Chapter 3

HAPTIC EFFECTS

Following the design and characterization of our touch screen, our work is focused on
displaying haptic bumps to a user through the glass plate. At first, we realize that it is
important to make the user feel the same haptic effects on the glass surface independent of
her/his finger velocity. To achieve this, we alter the frequency of the vibratory stimuli
displayed to the user according to the velocity of the user’s finger as suggested in Maeno et
al. [11]. This enables the user to feel same number of haptic bumps on the surface if she/he
moves her/his finger with a low or high velocity on the surface.

In order to generate a wide range of haptic bumps on the glass surface, we use the
concept of amplitude modulation. In communication systems, for example, if transmission
requires a particular frequency, the information to be transmitted is embedded in a carrier
signal (high frequency signal) matching the desired low frequency. This concept has
already been utilized in haptics community to display vibrotactile stimuli to a user. Brown
et al. [12] utilized vibrotactile actuators to modulate low frequency sinusoidal waves at 20,
30, 40, and 50 Hz with a high frequency sinusoidal wave at 250 Hz to investigate the
perception of roughness and rhythm through vibration. The experiments conducted with 18
subjects showed that the subjects were successful in differentiating roughness and rhythm
with success rates of 80% and 93%, respectively. Maeno et al. [11] utilized an ultrasonic
frequency as the carrier signal to display low frequency tactile textures.

Again using amplitude modulation, Ahmaniemi et al. [13] successfully displayed
virtual textures through a vibrotactile actuator. Park and Choi [14] investigated the

perceptual dimensions of amplitude-modulated vibrotactile stimuli displayed by a voice-
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coil actuator. A sinusoidal signal at 150 Hz was modulated by seven low frequency
sinusoidal signals varying from 1-80 Hz. The analysis showed that the pulse-like sensation
was observed at low modulation frequencies of 1-10 Hz.

In all of the above studies, the vibrations are displayed by a vibrotactile actuator held
by a user. In our implementation, the vibrations of the plate at first resonance frequency are
convolved with the low frequency waves to display vibrotactile haptic bumps to the finger
of a user moving on the glass plate. Hence, our vibrotactile stimuli have components in
both time and spatial domains. In order to display haptic bumps on the surface of the plate,
we, for example, first convolve a low frequency sinusoidal signal with the first resonance

frequency of the plate to obtain a modulated signal of the form

y(t) = Asin(2rfyt) sin(2rf.t) (16)

where, A is the peak amplitude of the modulated signal, f; is the frequency of the desired
signal and f_ is the frequency of the carrier signal (i.e. the first resonance mode of the

plate, f; = 158 Hz). Now, if we substitute v/A for f;, then the sine wave equation becomes

y(t) = Asin (Zn %) sin(2rf,t) a7

where, x(t) is the finger position and A is the wave length of the desired low frequency
signal, which, in fact, determines the number of bumps displayed to the user. The finger
position is acquired by the infrared frame in our set-up (see Figure 2.1 and Figure 2.4(a)).
In our implementation, we only consider the positive parts of the modulated signal (i.e.
unipolar signal), y(t), to display haptic bumps on the surface of the plate. In addition to
using a sine wave as the modulated signal, we also utilize square and sawtooth waves and
alter the wavelength and duty cycle of a wave to create haptic bumps in different ridge and
groove widths. Since wavelength determines the number of bumps displayed on the surface

and it is easier to understand for the reader, we use the term number of bumps (NB) instead
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of wavelength in the text. Hence, there are four parameters that can be adjusted by the

developer to generate various haptic bumps on the surface in our approach:

n :Wave form (determines the surface shape of the bumps)
NB : Number of bumps (determines the spatial frequency of the bumps)
DC : Duty cycle (determines the ratio of on-time/total time of each bump)

A : Peak amplitude (determines the peak amplitude of the bumps)
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Chapter 4

HUMAN EXPERIMENTS

4.1 Participants

We have conducted an experimental study with 10 human subjects to investigate the
perceptual effects of haptic bump on the subjects. Six men and four women participated in
the experiment. The ages of the participants were varied between 23 and 28 (average =
26.2 £ 1.5). All of them were right-handed and used their index finger to explore the

surface.

4.2 Stimuli

Using the proposed approach and the parameters defined in the previous section,
various haptic bumps were generated on the glass surface for testing. 81 different haptic
bumps are tested by choosing the parameters as n = {sine, square, sawtooth} x NB = {2, 6,
18} x DC = {0.2, 0.5, 0.8} x A = {0.5, 4, 7.5 Volts}. The voltage amplitudes were
amplified by 50 before transmitted to the piezo patches. For those voltage amplitudes, the
corresponding out-of-plane displacements at the center point of the glass plate (point A in
Figure 2.4(b) are {15, 120, 225 um}. The intervals between the values in parameter sets
were selected by considering the just noticeable difference (JND) of human vibrotactile
perception. Choi and Kuchenbecker [20] review the literature and suggest at least 20-30 %

difference in frequency and amplitude for robust discrimination between vibrotactile
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stimuli in practical settings. Duty cycle and the number of bumps are the two parameters
that affect the bump width and space between the bumps, which corresponds to ridge width
and groove width in the literature. The corresponding ridge width and groove width values

for the bumps displayed in our experiments are presented in Table 4.1.

Table 4.1: The ridge width (RW) and the groove width (GW) of the bumps used in our
experiments

DC 0.2 0.5 0.8
RW | GW | RW | GW | RW | GW
NB (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
2 10 40 25 25 40 10

6 3.33 | 1333 | 833 | 833 |13.33 | 3.33
18 111 | 444 | 278 | 278 | 444 | 111

While creating the haptic bumps, one parameter is changed each time while keeping the
others constant. Each stimulus was displayed 4 times to the subjects. Hence, the total
number of trials for each subject was 324 (81 haptic stimuli x 4 repetitions), which was
displayed in random order while the order was same for all the subjects. The haptic bumps
displayed to the subjects are shown in Figure 4.1 for unit amplitude.

The software for displaying the haptic stimuli was developed in MATLAB/Simulink
using the Real Time Windows Target (see Appendix B). Two desktop computers and two
DAQ cards are used during the experiments. The first computer is used to acquire the
finger position and this data is sent to the first DAQ card’s analog output channel. This
output channel is connected to the second DAQ card’s input channel which is connected to
the second computer. The position data is then processed in the second computer running
MATLAB/Simulink to generate the desired haptic stimuli, which is transmitted to the
piezo patches using the analog output channel of the second DAQ card.
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Figure 4.1: Haptic bumps displayed to the subjects (for unit amplitude): (a) sinusoidal, (b)

square, and (c) sawtooth.

4.3 Experimental Procedure

The subjects were instructed to sit on a chair in front on the setup and move their index
finger back and forth in the horizontal direction on the touch screen to differentiate the
haptic stimuli (Figure 4.3). They are allowed to move their finger only in 10 x 4 cm
rectangular region on the touch screen constraint by a black cartoon board. Lederman [21]
suggests that lateral motion is the most optimal procedure for exploring surface details.
The subjects explored the surface for 15 seconds by moving their index finger horizontally
back and forth on the touch screen in the rectangular region of 10 x 4 cm. Note that the
displacement amplitude varies on the glass plate along the horizontal axis (x—axis in Figure
2.4(b)) for its first mode (see Figure 4.2). To compensate for those changes, we modify the
voltage applied to the piezo actuators on the fly with respect to the finger position of the

user on the horizontal axis. Using this approach, we increase all the displacements along



Chapter 4: Human Experiments 23

the horizontal axis to the max value (i.e. the value at the center point). For this purpose, we
use a simple look-up table and a polynomial interpolation function. The points shown in

the plot corresponds to the LDV measurements with spacing of 2.5 cm.

® points
= fitted curve

20

Amplitude (um)

Displacement (cm)

Figure 4.2: The change in out-of-plane displacement amplitudes along the horizontal axis

within the rectangular region of 10 x 4 cm (refer to Figure 4.3).

During the experiments, the subjects were allowed to replay the haptic stimuli once
more by pressing the replay button. To reduce tiring of the subjects, a large size soft pad
was placed under their wrist. The subjects were asked to wear headphones, playing white
noise, to prevent the acoustic noise affecting their haptic perception. Before starting the
experiment, the subjects were given instructions about the experiment and presented a
training session introducing the different combinations of the haptic bumps (note that the
subjects were not explicitly told that they would feel bumps on the surface) (see Appendix
C). It took about 2.5 hours for each subject to complete the experiment including the
training session. The experiments were performed on two consecutive days; the first day
included a training session and then two sets of stimuli presented to the subjects and in the

second day, the last two sets of stimuli presented to the subjects.
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In each trial, the subjects were asked to differentiate what they felt on the glass surface
based on the following adjective pairs (the definition of these adjective pairs were

introduced to the subjects prior to the experiments)

e smooth (an even surface that is free from irregularities) versus rough (an uneven
surface with irregularities on it)

o flat (a surface with no bumps) versus bumpy (a surface with “countable” bumps).

These adjectives were selected based on the earlier studies in literature on human haptic
texture perception (Hollins et al. [22], [23]), which suggests that rough/smooth and
flat/bumpy adjectives receive similar ratings in roughness perception. A Likert scale of 1-7
is used to rate the perceptual feelings of the subjects. After each trial, the subjects used a
digitizing pen held by the non-dominant hand to enter the magnitude of their perception

using a simple graphical user interface shown on the computer screen (see Figure 4.3).
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Mowve your finger on the surface!
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Figure 4.3: The experimental setup and the graphical interface used for the human
experiments.
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Chapter 5

RESULTS

Each adjective pair (smooth/rough, flat/bumpy) was analyzed separately with 4-way
ANOVA. The factors in the analysis were the a) wave form, b) wave length, c) duty cycle,
and d) peak amplitude.

The results of ANOVA show that the wave form, wave length, duty cycle, and peak
amplitude have significant effects on the haptic perception of roughness. Bonferroni
corrected paired t-tests showed that the perception of roughness has increased as the spatial
frequency, duty cycle, and peak amplitude of the bumps has increased (see the box plots in
Figure 5.1(a)). The ones marked with stars shows the couples which are not statistically
significant. Note that all differences between the groups in Figure 5.1(a) were statistically
highly significant (p < 0.001). The difference between the waveforms was also highly
significant and the subjects perceived the square wave as the roughest while the sawtooth
was perceived as the smoothest among 3 waveforms.

Although the ANOVA results also show that the wave form, wave length, duty cycle,
and peak amplitude have significant effects on the haptic perception of bumpiness, the
ratings were only parallel for the peak amplitude. Again, the subjects perceived the surface
bumpier as the peak amplitude has increased, but the change in their perception did not
follow a monotonically increasing trend with increasing spatial frequency or duty cycle
(Figure 5.1(b)). In terms of the waveforms, only the sinusoidal wave was perceived

significantly bumpier than the sawtooth wave.
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Figure 5.1: The box-plots for roughness (a) and bumpiness perception (b).
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Chapter 6

DISCUSSION

Although the roughness is known to be one of the most important dimensions in haptic
perception of textures, it is still difficult to say which characteristics of the texture most
contribute to the perception of roughness. It has been suggested that peak amplitude,
wavelength (spatial frequency), friction, and spacing between the surface features such as
dots, bumps, and ridges play critical role [24]. It is important to note here that the bump
textures in our study are displayed to the subjects in the form of vibrotactile stimuli and not
in the form of topological height variations on the surface. Hence, the haptic perception of
bumps displayed to the subjects in our study is also related to the human vibrotactile
perception and we compare our results with those in both domains for the sake of
completeness.

Human haptic perception of roughness has been investigated extensively through
texture perception studies. Hollins et al. [22] used multi dimensional scaling (MDS) to
investigate the dimensions of human haptic perception of textures. They identified the
rough/smooth and hard/soft as the perceptual dimensions that are perpendicular to each
other. The ratings for flat/bumpy were observed to be similar to those of smooth/rough and
sticky/slippery were not found to be independent of the other dimensions. These findings
were further confirmed by Hollins et al. [23] and Yoshioka et al. [25] in later studies.
Based on these findings, we used the rough/smooth and flat/bumpy adjectives in our study
of roughness perception. The sticky/slippery adjective was not preferred in our subjective
ratings since our system does not effectively change the surface friction as in the case of

ultrasonic piezo actuation [6], [7], [8]. The ratings for rough/smooth and flat/bumpy
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showed the similar trend only for the peak amplitude and not for the spatial frequency,
duty cycle, and wave form. In our instructions to the subjects, we defined the bumpy
surface as the one with “countable” bumps. As the spatial frequency and duty cycle of the
bumps are increased, the gap between the bumps (i.e. inter-element spacing/groove width)
is reduced (see Table 4.1) and it became more difficult to count the number of bumps on
the surface. For example, when NB = 18 (i.e. 18 bumps are displayed in 10 cm), it felt like
a continuous vibration with varying peak amplitude rather than individual bumps. Hence,
the subjects perceived this as a rough surface but not a bumpy surface since the bumps are
not countable.

Effect of Peak Amplitude (Bump Height): Our results also show that the perceived
roughness and bumpiness increase with the peak amplitude of the vibrations. In this regard,
our results are in good agreement with the earlier studies. The studies on human haptic
perception of textures and gratings, performed in real and virtual [26] worlds, strongly
suggest that the perceived roughness increase with the height of the surface details.
Rantala et al. [27] used a single piezo actuator placed under a touch screen to display six-
dot Braille characters via vibration. The raised dots were displayed by higher amplitude
vibratory bumps while the lower ones were represented with less powerful vibrations to
indicate the blanks. The results of the experiments performed with 5 blind subjects show
that subjects could successfully differentiate the amplitude difference and read the
individual characters with an accuracy of 97% after 3 sessions.

Effect of Wavelength (Spatial Frequency) and Duty Cycle: In our system,
increasing the number of bumps while fixing the duty cycle or increasing the duty cycle
while fixing the number of bumps reduces the inter-element space between the bumps. Our
results are not in agreement with the earlier studies. We found that the perceived roughness
increases with the increasing (decreasing) spatial frequency (inter-element spacing) of the
bumps and their duty cycle. In terms of inter-element spacing between the surface features,
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Lederman and Taylor [28] observed that the spacing between the ridges of macrotextures
(textures having inter-element spacing larger than approximately 0.2 mm) has a greater
effect on perceived roughness than the ridge width. This observation has been supported by
other studies later [29] suggesting that the perceived roughness increases monotonically
with the spacing, but decreases modestly with the ridge width. On the other hand, further
increasing the spacing between the surface features (more than 3.5 mm) causes the subjects
perceive the surface as smooth rather than rough [30]. Ahmaniemi et al. [13] used a simple
motion sensor, a single vibration actuator, and the amplitude modulation approach to
display virtual textures (in the form of vibratory stimuli as in our study) and the results of
the experimental study conducted with 16 subjects showed that ridge width and spatial
density had significant on perceived roughness and flatness. The subjects perceived the
vibrotactile textures rougher and bumpier as the ridge width and the spatial frequency are
decreased.

The discrepancy between our findings and the earlier studies on haptic texture
perception can be attributed to several factors. One factor is related to the differentiation of
the micro versus macro textures. With respect to the definition given by Lederman [28], all
textures in our experiments are macrotextures. Hollins et al. [31] and Klatzky and
Lederman [32] state that the perception of microtextures is mainly achieved by vibratory
cues through Pacinian Corpscule mechanoreceptors while that of the macrotextures is
achieved by spatial cues through pressure change and finger deformation. However, in our
study, the haptic stimulus is mainly perceived through the vibrotactile channel via Pacinian
Corpscule mechanoreceptors and the effect of pressure change and finger deformation on
this perception is less significant. Another factor for the discrepancy could be related to the
definition of terms “rough” and “bumpy. For example, in texture perception studies
conducted with a haptic device in virtual environments, Klatzky and Lederman [33]

instructed their subjects to judge roughness by imagining that they were in a car moving
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over a bumpy road. Note that we defined the bumpy surface as the one with “countable”
number of bumps so that the subjects could differentiate it from a rough surface, which
was defined as an uneven surface with irregularities on it.

Effect of Waveform: Our results show that the subjects perceived the square wave as
the roughest while the sawtooth was perceived as the smoothest among 3 waveforms. The
differences were not very distinguishable in perception of bumpiness. Although the
bumpiness perception of the sawtooth wave was the lowest, only the sinusoidal wave was
perceived significantly bumpier than the sawtooth wave. Hence, in general, it can be
concluded that the square and sinusoidal waves are better in creating a perception of
roughness and bumpiness than the sawtooth wave.

The number of research studies in this area is limited and this topic requires further
investigation. The existing studies partially support our findings. Cholewiak et al. [34]
conducted human experiments in virtual environments using a haptic device to investigate
the amplitude detection thresholds for virtual haptic gratings (bumps) in the form of
sinusoidal and square waves. The results showed that the detection threshold for the square
wave gratings was lower than that of the sinusoidal gratings. Kocsis et al. [35] conducted
discrimination experiments with real and virtual sinusoidal and triangular textured surface
gratings. All gratings had a wave length of 2.5 mm and the height (wave amplitude)
varying from 55-70 um. The results showed that the discrimination thresholds did not
differ significantly between sinusoidal and triangular gratings. MacLean and Enriquez [36]
used a knob connected to the shaft of a motor to display tactile stimuli (called haptic icons)
by varying the frequency and magnitude of sinusoidal, triangular, square, triangle and
sawtooth waves. They conducted experiments with 8 subjects and 36 different haptic icons.
The experiments showed the dominance of sinusoidal wave over square/sawtooth wave in

transmitting haptic information.
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Effect of RMS Value on the Roughness Perception: As explained before, the results
of our system are not in agreement with the earlier studies in terms of the effect of
wavelength and duty cycle on the roughness perception. But it is important to mention that,
in the earlier studies, the relation between the groove/ridge width and roughness perception
was investigated using physical (real) surfaces like aluminum plates with actual ridges and
grooves. Since our stimuli are presented in the form of vibrotactile signals, it is more
meaningful to consider the effective vibration amplitude in the analysis rather than the
ridge and groove widths. For this reason, we calculated the RMS amplitudes of the
vibratory signals, which are affected by the shape, duty cycle of the signals, but not the
number of bumps.

For a discrete set of n amplitudes values such as {xi, X, ..., xn}, RMS is calculated as

XrMS = \/% (xf + x5 + -+ x2) (18)

Using the above expression, the RMS amplitudes of all of our stimuli were calculated.
Since the RMS amplitude is calculated over one period for a periodic signal, it is
independent of the number of bumps presented to the user. Hence, we ended up with 27
different RMS amplitudes for 81 stimuli. The RMS amplitudes and the corresponding
roughness perceived by the subjects are given in Table 6.1 and Table 6.2, and depicted in
Figure 6.1.

By looking at Table 6.1 it can be concluded that the RMS amplitudes increase as the
peak amplitude and duty cycle increase. Also, the RMS amplitudes are the highest for
square signals and the lowest for sawtooth signals. If these results are compared with the
average roughness values shown in Table 6.2, it is clearly observed that there is a direct
relation between the RMS amplitudes and roughness perception. According to these
results, it is expected that subjects should have similar perception of roughness for two
different vibratory stimuli having similar RMS amplitudes. Figure 6.1 strongly supports

this notion. For example, for the blue triangle and the yellow circle shown in Figure 6.1
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with the RMS amplitudes of 0.99 V and 1 V respectively, the roughness perceived by the
subjects is nearly identical. Note that the blue triangle represents a sawtooth signal with
peak amplitude of 4 V and duty cycle of 0.8 and the yellow circle represents a sine signal
with peak amplitude of 4V and duty cycle of 0.5. Similarly, for the green and red triangles
with the RMS amplitudes of 0.8 V and 0.83 V respectively, the roughness perceived by the
subjects is again the same (Note that the green triangle represents a sawtooth signal with a
peak amplitude of 4 V and duty cycle of 0.5 and the red triangle represent a sawtooth
signal with a peak amplitude of 7.5 V and duty cycle of 0.2).

Table 6.1: The RMS amplitudes of the stimuli (in Volts)

A=05V A=4V A=75V

Sin Sqr Saw Sin Sqr Saw Sin Sqr Saw
DC=0.2 | 0.08 | 0.11 0.06 0.65 0.89 0.44 1.23 1.66 0.83
DC=0.5 ] 0.13 | 0.18 0.10 1 1.41 0.80 1.88 2.64 1.51
DC=0.8 | 0.15 | 0.22 0.12 1.18 1.79 0.99 221 3.35 1.85

Table 6.2: The roughness perceived by the subjects based on the Likert scale of 1-7 (the
average values and the standard deviations)

A=05V A=4V A=75V

Sin Sqr Saw Sin Sqr Saw Sin Sqr Saw

DC=0.2 |704:0.77] 1.93+0.86 | 1.4240.41 | 3.77+1.16 | 3.46+1.01 | 3.0420.97 | 3.92+1.24| 3.9521.15 | 3.68+1.22

DC=0.5 |1.84:0.63|1.89+0.67 | 1.630.59 | 3.96+1.15 | 4.30+1.18 | 3.73+0.89 | 4.34+1.25 | 4.9121.27 | 4.27+1.22

DC=0.8 |1.82+0.59]1.95+0.61 | 1.80+0.64 | 4.40+1.21 | 4.82+1.14 | 3.98+1.13 | 5.03+1.24 | 5.15+1.38 | 4.68+1.06

The relation between the peak amplitude, duty cycle, wave form and the roughness
perception can be explained with respect to the RMS amplitudes. But, this notion cannot be

extended to explain the relation between the number of bumps and the roughness
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perception, since the RMS amplitude of the stimulus used in our experiments is not
affected by the change in the number of bumps. To investigate the effect of number of
bumps on the roughness perception, we regrouped the experimental data such that the
RMS amplitude, the duty cycle and the peak amplitude were fixated for each wave form.
Figure 6.2 shows the relation between the number of bumps and roughness perception for
three different wave forms. As shown in this figure, the perception of roughness clearly
increases with the increase in the number of bumps for the peak amplitudes of 4 V and 7.5

V, but stays almost constant for the peak amplitudes of 0.5 V.
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Figure 6.1: The RMS amplitudes (in Volts) vs perceived roughness graph for 27 different
stimuli: The marker shapes (circle, square, triangle) stand for the wave form (sin, sqr, saw),
the marker sizes (small, medium, large) stand for the peak amplitudes (A = 0.5V, 4V, 7.5
V), and the marker colors (red, green, blue) stand for the duty cycle (DC = 0.2, 0.5, 0.8).
Small marker sized stimuli have peak amplitude of 0.5, medium sized stimuli have peak
amplitude of 4 and large sized stimuli have peak amplitude of 7.5.
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Figure 6.2: The variation in roughness perception as a function of number of bumps for

(a)sine, (b)square and (c)sawtooth waves.
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Chapter 7

CONCLUSION

The touch screens replace the mechanical buttons on mobile devices, touch pads, tablet
PCs and other displays. While the screens available in the market today are sensitive to
touch inputs and gestures, they do not enable the user to feel any programmable resistive
forces as her/his finger moves on its surface. However, it is desirable to display some of
the information through haptic channel in mobile devices, touch pads, tablet PCs and other
interactive displays in order to alleviate the perceptual and cognitive load of the user since
our visual and auditory channels are already highly overloaded. Moreover, haptic feedback
Is more personal and intimate than visual and auditory feedback and hence can enrich the
user experience and perception of the interaction. We anticipate that the use of haptic
feedback as an additional information channel in interactive displays will result in a new
interaction paradigm, and enable novel applications in games, entertainment, education,
internet-based business, and many more.

The goal of our study was to produce programmable vibrations on the surface of a
touch screen via piezo actuators attached to its surface. Most of the systems conveying
programmable vibrotactile stimuli today either display relatively simple haptic effects such
as button clicks, contact/collision events or are passive systems (e.g. hand held vibrotactile
actuators or vibrotactile actuators placed to body surface). Displaying haptic effects on a
touch screen via vibrotactile cues during an active haptic exploration is more challenging.
Currently, there are no established methods on a) how many piezo patches must be used
and b) how they must be attached to a touch screen to generate the desired haptic effects on

a surface with maximum displacement and minimum power. Since the piezo patches
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cannot be easily detached from a touch screen once they are glued to its surface, it is more
convenient to construct our designs in a simulation environment and test it using a finite
element package. One of the challenges in the design is the selection of appropriate
boundary conditions and the piezo configurations on the screen for achieving optimum
performance within the limits of human haptic perception. To investigate the design trade-
offs, we developed a finite element model of the screen and four piezo actuators attached
to its surface in ABAQUS. A boundary condition clamping the glass plate from short edges
was selected to cover larger range frequencies within the limits of human vibrotactile
perception. After selecting the appropriate boundary condition for the screen based on the
range of vibration frequencies that are detectable by a human user, the optimum
configuration for the piezo patches is determined by maximizing the vibration amplitude of
the screen. The results of our finite element analysis showed that the piezo patches must be
placed close to the boundary edges and not the free edges [15].

After the design of the touch screen, we conducted experiments with 10 subjects to
investigate the human active haptic perception of roughness by displaying virtual bump
textures on our touch screen. To display various haptic bumps in different shape and size,
we used sinusoidal, square, and sawtooth pulse waves and varied their amplitude, spatial
frequency, and duty cycle. Results of our experimental study show that perception of
roughness and bumpiness exhibits similar behavior to the amplitude change, it increases as
the amplitude of the vibrations increases. On the other hand, effects of wavelength and
duty cycle do not show a parallel behavior for these two adjectives. Roughness perception
increases as the spatial frequency or duty cycle increases whereas bumpiness perception
shows a parabolic behavior with increasing duty cycle. Another point is that square wave
perceived as the roughest while the sine wave perceived as the bumpiest in our
experiments. We also observed that there is a close relation between the RMS amplitudes
of the signals and the perceived roughness. Based on the user study, vibratory stimuli that
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have close RMS amplitudes are perceived to be similar in roughness. Also, the perceived
roughness increases as the RMS amplitude increases.

One improvement to our current design may involve adding piezo actuators that are
capable of vibrating at ultrasonic frequencies. Then, it might be possible to create air gap
between the finger and the vibrating surface as suggested in [6], [7], [8]. As a result,
slippery/sticky haptic effect can be created on the touch screen. Another potential
extension might be investigating the effect of signal polarity on the haptic perception. In
the current design, only positive unipolar signals are presented to the user, while the effect
of negative or bipolar signals on the haptic perception has not been investigated as done in
[1]. Also in the current setup, haptic effects change only in the horizontal direction (x-axis
in Figure 2.4(b)). These effects can be enriched further by considering the vertical direction
(y-axis in Figure 2.4(b)). By considering both dimensions on the plate, a rich set of
textured surfaces can be created by altering the frequency, phase and, amplitude of the
desired signals in x and y-axes as suggested in Basdogan et al. [37] for haptic texture
rendering. One final possible study might be on eliminating the acoustic noise created by

the piezo patches.
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Piezoelectric coupling equations for a piezoelectric element are as follows:
T=cxS—eXE (A1)
D=e"xXS+exE (A.2)
The field variables T, S, E and D are defined in Table A.1.
Table A.1: Field variables
T : Stress vector S : Strain vector E : Electric field ) D : Electrical
vector displacement vector
- o E, D,
T=|? S=|"7 E = |E, D = |D,
T6 56 E3 D3

For E and D, subscripts 1, 2 and 3 symbolizes the x, y and z axis respectively. Since strain

and stress are symmetric tensors, the subscripts for them are re-labeled as given in the

Table A.2. According to the table T, T,, T are the principal stresses and T,, Ts, T, are the

shear stresses.

Table A.2: Matrix notation

Subscript

Corresponding label

11

1

22

33

23 or 32

31or13

12 o0r21

OO B WN

In the equations (A.1) and (A.2), there are three piezoelectric constants which are ¢, e and ¢

matrices. Because of the anisotropic nature of piezo ceramics, effects are dependent on
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direction. For this reason, to link electrical and mechanical quantities double subscripts
(e.g. ejj) are introduced. The first subscript gives the direction of the excitation while the
second one describes the direction of the system response. From Figure A.1, it is seen that
the subscripts 1, 2, and 3 corresponds to X, y and z coordinates and 4, 5 and 6 corresponds
to rotations (shear).

larization =
po e

Figure A.1: Directions of forces affecting a piezoelectric element

For example, e;s applies when the electric field is along the x axis and the strain

(deflection) is along the y axis, labeled as 5 in Figure A.1.

The definitions of the piezoelectric constant matrices are as explained below:

e C is the 6*6 elasticity matrix. Symmetry imposed by strain energy implies that this
matrix is symmetric. Piezoelectric materials shows orthotropic behavior and a material
is called orthotropic if it has three mutually perpendicular planes of symmetry. If the
required transformations are applied about the x-y, y-z and x-z planes for this symmetry
condition, only 12 nonzero variables are left. Also these transformations bring some

relations about the constants of the matrix and finally it becomes:
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[C11

C13
0
0

L 0

e The matrix e is defined as the product of ¢ and the transpose of d, e=cd’

C13
0
0

0

C33,
0
0

0

0
0
0
0

Cyaq

0
0

0
0
0
Ca4
0
0

0
0
0
0

Cyq

0

0 0 1
0 0
0 0
0 0
css O
0 cg6d

0

0

0

0

0
2(c11 — €12)!

e disamatrix containing 3*6 piezoelectric coefficients

On a macroscopic scale, three different transduction modes are possible:

1) In the thickness or ds3 mode, several thin slices of PZT are stacked together and

separated by electrodes; the direction of expansion is parallel to the electric field.

ii) In the in-plane or d3; mode, a thin piezoelectric film is bonded on (or embedded in)

a plate structure and creates a bending moment. The direction of expansion is

perpendicular to the electric field.

iii) In the shear or dis mode, the electric field is applied perpendicular to the

polarization direction.

Considering these three effects, d matrix can be written as

0 0 0
d=|0 0 0
d31 d32 d33

0
d24
0

dys
0
0

0
0]
0

[d31

0 0
0 0
d31 ds3
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then e matrix becomes

€11 €12 ¢33 0 0 0 0 0 dj
€12 €11 €3 0 0 0 0 0 di
e = cdl = €13 €13 C33, O 0 0 0 0 ds;
0 0 0 ¢y O 0 0 dis O
0 0 0 0 Cy4 0 dis 0 0
[ 0 0 0 0 0 2(cu1—c)ll 0 0
0 0 C11d31 + 12031 + €13d33]
0 0 C12d31 + C11d31 + C13d33
_| 0 0 C13d31 + C13d3q + C33d33
0 C44d15 0
C44d15 0 0
0 0 0
0 0 el
0 0 e3
_10 0 e33
10 e, O
e,y O 0
L 0 0 0

e ¢is the matrix of dielectric constants, given as

g1 O 0
82[0 822 0]

0 0 €33

here, e11 and e, are permittivities for dielectric displacement and electric field in
direction 1 and 2 (perpendicular to the direction in which ceramic element is polarized),
e33 IS the permittivity for dielectric displacement and electric field in direction 3

(parallel to the direction in which ceramic element is polarized).



Appendix A: Finite Element Modeling of Piezoelectric Patches 50

These equations are suitable for finite element packages because the displacements (and
hence the strains) are the independent variables, whereas the boundary conditions are given

as force loadings, that is as stresses in these packages.

As a result, the following properties entered for the piezoelectric patches to ABAQUS:
Density, Young’s modulus, Poisson’s ratio, structural damping, piezoelectric coefficients
(ds1, ds3, dis), dielectric constants (&11, &2, &3) and elasticity matrix coefficients (i1, Css,

Ca4, C12, C13). The corresponding values are provided by the manufacturer.
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= Thank you for agreeing to participate in this study.

= Please read through these instructions and ask any question you may have before

the experiment begins.
= Please turn off any electronic devices before the experiment begins.

= In this experiment you will be presented some haptic (touch based) signals. You

will explore these signals by moving your finger on a surface.

= You will be given white noise via headphones during the experiment. The noise

might be little disturbing. Please do not remove your headphones during the

experiment.
* You need to use your both hands during the experiment.

= While you are exploring the surface with your right hand, you will enter your

decision about the roughness and bumpiness of the surface using your left hand.
» You will use your right hand’s index finger to explore the surface.
= You will use your left hand to enter your decision to the screen using a pen.
» Roughness:

Smooth surface: An even surface free from irreqularities

Rough surface: An uneven surface with irreqularities, changes in the amplitude

For the roughness bar
1 stands for the smoothest surface

7 stands for the roughest surface
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= Bumpiness:

Flat surface: A surface with no bumps

Bumpy surface: A surface with countable bumps

For the bumpiness bar
1 stands for the flattest surface

7 stands for the bumpiest surface

= Some examples

Flat Bumpy

= First you will be given a trial session with 48 signals and then the real experiment

will start.

= You can explore each signal only for 15 seconds and you can replay each signal

only once. So it is important to make your decision at this limited time interval.
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When you click on the NEXT button, next signal will be displayed to you through

the surface.

You can change your decisions about the roughness and bumpiness scales until you
press the NEXT button.

You can ask any questions you have during the trial session.

Please do not ask any guestions during the experiment.

Please not that there is no “right answer” for this experiment. It is important to

mark the option that best fits to you

Thank you for your participation!
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