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Abstract—Onewell-known class of surface haptic devices that we
have called Tactile Pattern Displays (TPaDs) uses ultrasonic
transverse vibrations of a touch surface to modulate fingertip
friction. This article addresses the power consumption of glass
TPaDs, which is an important consideration in the context of
mobile touchscreens. In particular, based on existing ultrasonic
friction reduction models, we consider how the mechanical
properties (density and Young’s modulus) and thickness of
commonly-used glass formulations affect TPaD performance,
namely the relation between its friction reduction ability and its
real power consumption. Experiments performed with eight types
of TPaDs and an electromechanical model for the fingertip-TPaD
system indicate: 1) TPaD performance decreases as glass thickness
increases; 2) TPaD performance increases as the Young’s modulus
and density of glass decrease; and 3) real power consumption of a
TPaD decreases as the contact force increases. Proper applications
of these results can lead to significant increases in TPaD
performance.

Index Terms—Ultrasonic friction reduction, mechanical prop-
erties, vibration velocity, power consumption, TPaD.

I. INTRODUCTION

IN the quest to develop haptic interfaces for touchscreens, a

number of studies have focused on tactile friction modula-

tion based on two main technologies: electroadhesion and

ultrasonic friction reduction. Electroadhesion (also known as

electrovibration) uses an electric field across the skin-surface

interface to create coulombic attraction and increase friction

forces ([1]–[4]). In contrast, ultrasonic friction reduction uses

intermittent contact between the fingertip and a vibrating sur-

face to lower friction ([5]–[7]). Either method may be used to

modify the friction between the fingertip and touch surface as

a function of time, finger position, or other variables, thus cre-

ating tactile effects that can be readily perceived as the finger

moves across the surface.

Ultrasonic friction reduction was first reported in 1995 ([8])

and has been studied in-depth for the past decade. Biet et al.

([9]) employed an array of piezoelectric actuators bonded to a

metal plate to create a haptic touchpad. Winfield et al. ([10])

developed the earliest TPaD (Tactile Pattern Display), which

consisted of a single piezoelectric actuator bonded to a glass

disk, and integrated with a finger position sensor and computer

controller. Both of these early devices, and virtually every

other developed since, operated at a resonant frequency in

order to excite a large-amplitude standing wave.

For mobile electronic devices, power consumption is a key

consideration. Unfortunately, it remains unclear what factors

affect the relation between power consumption and friction

reduction ability, which we term “TPaD performance” in this

paper. High TPaD performance is expected to render high-qual-

ity haptic perception while consuming little energy. Although

some researchers studied the effects of substrate material on

friction reduction, heavy reliance on simulation as well as the

lack of parameter variation in experimental work, make existing

conclusions less convincing. Here, we design eight types of

TPaDs and conduct experiments that focus on the influence of

the mechanical properties and thickness of the vibrating glass

on TPaD performance. In addition, we present an electrome-

chanical model that, in combination with the experiments, elu-

cidates the relationship between the contact force and power

consumption. This approach also sheds light on the underlying

mechanisms, which allows for design optimization.

II. EXPERIMENT PLATFORM AND METHOD

A. Design Process

TPaDs weremade of a piece of rectangular glass (S.I. Howard

Glass Company, Worcester, MA, USA) and a hard piezoelectric

actuator (SMPL60W5T03R112, Steminc and Martins Inc,

Miami, FL, USA). An epoxy adhesive (Acrylic Adhesive 3526

Light Cure, Loctite, Westlake, OH, USA) was used to bond the

glass and the piezoelectric actuator together. For TPaDs in the

experiments, energy loss can occur in various ways, including

the following ([11]): 1) dissipation via the artificial finger, 2)

acoustic radiation into the surrounding air, 3) inelastic deforma-

tion of the TPaD, 4) dissipation via the mounting, 5) dissipation

via the epoxy adhesive, 6) electric losses in the piezoelectric

actuator. In this paper, we focus on the effects of glass mechani-

cal properties and thickness on TPaD performance. Thus, other

factors affecting TPaD performance were designed to be the

same, including the amount of epoxy adhesive and the location

of the piezoelectric actuator on the glass plate.

During the design process, the shapes of the glass were

identical (60 x 130 mm2) and we changed only thickness. An

automatic epoxy adhesive dispenser and jigs (shown in Fig. 1)
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were designed to ensure that the epoxy adhesive was dis-

pensed identically for each assembly and that the relative posi-

tion of the piezoelectric actuator on the glass was also

identical across assemblies (shown in Fig. 2). The TPaDs

were designed to operate in the 20 x 0 resonant mode

(20 nodal lines along the length direction, but no nodal lines

along the width direction).

In the following experiments, we used eight types of glass

that varied in material and thickness (lT ). There were four

types of glass materials, including soda-lime glass, borofloat

glass, D263 glass, and Gorilla glass.

Soda-lime glass (SLG), which is composed of SiO2, sodium

oxide (soda) and calcium oxide (lime), is prepared by melting

sodium carbonate, lime, dolomite, silicon dioxide, and alumi-

num oxide. It is usually produced for windowpanes and glass

containers. Both the borofloat glass and the D263 glass belong

to the family of borosilicate glasses, but they are fabricated via

different processes. Borofloat glass is produced by themicrofloat

process, in which the top surface is fire-polished and the bottom

surface floats on molten tin. In contrast, both surfaces of the

D263 glass are fire-polished by a special down-draw production

process. Borofloat glass is used for optoelectronics, photonics,

and analytical equipment. D263 is used as cover glass inmedical

microscopy. Gorilla glass, which is an aluminosilicate thin sheet

glass, is designed as a durable transparent substrate with high

strength. It is ideal as a protective cover lens for electronic dis-

plays in cellular phones and computer screens. The density (r)

and Young’s modulus (E) of these glasses are shown in Table I.

B. Experiment Method

In order to ensure a consistent modal shape across samples,

the excitation frequencies of the TPaDs varied from 22.4 kHz

to 44.6 kHz, due to the different mechanical properties (den-

sity and Youngs modulus) and thickness of glass. These reso-

nant frequencies were found without an artificial finger in

contact. The relation between the ultrasonic friction reduction

ability and the corresponding real power consumption was

used to evaluate TPaD performance. Because friction reduc-

tion is variable across people and because no widely-accepted

artificial finger design exists, we chose to measure the ampli-

tude and frequency of the TPaDs and then to relate these

measurements to friction reduction based on the model devel-

oped by Vezzoli, et al. and Sednaoui, et al. This approach will

be further discussed in Section III.

1) Experiment 1 With An Artificial Finger: The setup in

Experiment 1 is shown in Fig. 3. TPaDs were placed on a piece

of foam with a free boundary condition. A voltage source (�40

v) was applied to the TPaDs through a 20 times amplifier. A

shunt resistor (100V� 0:1%), which was in series with the pie-

zoelectric actuator, was used to measure the input current to the

piezoelectric actuator, enabling a calculation of real power con-

sumption. In order to measure TPaD performance under differ-

ent contact forces, an artificial finger (the “TangoPlus” used

in [12]) was used to press the glass. A micrometer and the force

sensor were used to control the contact force precisely. The

range of contact force was from 0 to 2 N with nine levels (0,

0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 1.5, and 2.0 N). A contact force of

0 N means that there was no contact between the artificial finger

and the TPaD. A laser Doppler vibrometer (LDV) was used to

measure the vibration amplitude of the TPaD. The contact point

between the TangoPlus and the glass was at the same antinodal

line as the measurement point of the LDV. Additionally,

a dynamic signal analyzer (HP35665 A, Hewlett-Packard soft-

ware company, Washington, USA) was used to measure the

Fig. 1. Automatic epoxy adhesive dispenser system.

Fig. 2. Eight types of glass TPaDs.

TABLE I
MECHANICAL PROPERTIES OF GLASS
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electrical impedance of the TPaD, which was to be used in the

fingertip-TPaD model analysis (in Section V-A).

Each contact force was repeated five times. Thus, there

were 45 trials for each TPaD in total. In each trial, the voltage

and current applied to the piezoelectric actuator and the vibra-

tion amplitude of the TPaD were recorded for 0.1 seconds

using a NI USB-6361 with a 300 kHz sampling frequency.

2) Experiment 2 With a Spring: The setup in Experiment 2

was similar to that in Experiment 1, except for using a spring

to contact the TPaDs in order to mimic a finger without viscos-

ity. The stiffness of the spring was 360� 12 N=m. The con-

tact between the spring and the glass was a circle, and an

epoxy adhesive was used to bond them. Based on this setup,

we repeated the experiments.

III. ULTRASONIC FRICTION REDUCTION MODEL REVIEW

Even though researchers have broad agreement that ultra-

sonic friction reduction stems from intermittent contact [7],

[13], it is still unclear precisely how the effect depends on the

amplitude, velocity, and acceleration of the transverse vibra-

tions. Three leading hypotheses are discussed in this section.

Based on Boyle’s law and multiscale contact theory [14],

Wiertlewski, et al. [7] concluded that the relative friction force

(m0), which is a ratio of the friction force when the ultrasonic

vibration is on to the friction force when the ultrasonic vibration

is off, depends on the square of vibration amplitude (Eq. (1)).

m0 / exp � 5a2p0
4u2

0ps

� �
(1)

where the a, p0, u0, and ps are the vibration amplitude of the

plate, the atmospheric pressure, the gap at rest, and the press-

ing pressure, respectively. Although the model showed good

fit with the results from human fingers and an artificial finger,

it did not consider the effect of vibration frequency, which

was shown to be an important factor in [13], [15], [16].

Vezzoli, et al. and Sednaoui, et al. [13], [15] employed a

finite element model and spring-slider model to study effects

of four factors on friction reduction: finger exploration veloc-

ity, contact force, vibration frequency and amplitude of the

plate. They argued that the relative friction force depended on

the velocity of the vibrating plate (Eqs. (2) and (3)).

m0 ¼ 1� exp � C

C�

� �
(2Þ

C ¼ U

fam0ð1þ nÞ (3Þ

where U , f , a, m0, n, C, and C� are finger exploration veloc-

ity, vibration frequency, vibration amplitude, friction coeffi-

cient when the ultrasonic vibration is off, Poisson’s ratio of

the finger skin, a dimensionless group, and the characteristic

value ofC.

Additionally, Giraud, et al. [16] investigated the friction

reduction on a vibrating plate at 66 kHz and 225 kHz. Both

the friction measurements and psychophysical results showed

that the ultrasonic friction reduction depended on the plate’s

acceleration.

Although these three studies appear to be in conflict, closer

examination suggest that all three may be reasonable within

specific parameter ranges. In the experiments from Wiertlew-

ski, et al. [7], the vibration frequency was around 29 kHz, and

the vibration amplitudes were from 0 to 3 mm. The model of

Vezzoli, et al. and Sednaoui, et al. [13], [15] showed good

agreement with experimental results in which the vibration

frequencies were 10 kHz to 100 kHz and the vibration ampli-

tudes were larger than 1 mm. The experiments of Giraud,

et al. [16] compared only two vibration frequencies (66 kHz

and 225 kHz).

To illustrate that all of these results may be consistent with

a single underlying mechanism, consider the hypothetical fric-

tion force contour shown in Fig. 4. In the range of 16 kHz to

50 kHz, the friction force depends largely on the vibration

velocity (f � a), while in the range of 80 kHz to 160 kHz, the

Fig. 4. Hypothetical friction force contour based on the vibration frequency
and amplitude. The blue curve is one friction force contour, in which a ¼
1:755� 104 � f�0:797 � 0:937. Four red points are (16 kHz, 6.87 mm),
(50 kHz, 2.21mm), (80 kHz, 1.23mm), and (160 kHz, 0.31mm), respectively.

Fig. 3. Experiment platform.
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friction force is close to a function of the vibration accelera-

tion (f2 � a). Thus, a nonlinear dependence on frequency may

explain the conflict between the model of [13] and the results

of [16]. While the nonlinear relation between vibration fre-

quency and amplitude in Fig. 4 is purely hypothetical, some-

thing similar could arise due to the differing effects of finger

mass and viscoelastic behavior on mechanical impedance as

vibration frequency and amplitude change.

In our Experiment 1, the vibration frequencies were from

22.4 kHz to 44.6 kHz, and the vibration amplitudes without

the artificial finger contact were from 1.8 to 6 mm. Since these

experimental parameters fall into the range that is captured

well by the model of Vezzoli, et al. and Sednaoui, et al. [13],

[15], Eqs. (2) and (3) will be used here to describe the relation

between the vibration velocity and the relative friction force.

Additionally, we note that our previous work [17] also showed

that the damping of the human finger dominated the mechani-

cal impedance in the shear direction when the finger contacted

a laterally vibrating plate with 5 mm amplitude at 30 kHz. As

a result, in that work the velocity of the oscillation had a

greater impact on the reaction force applied to the fingertip

than either the amplitude or acceleration of the oscillation.

IV. RESULTS

Since the data from the TangoPlus was remarkably consis-

tent among the trials, the average values over the five trials are

shown in the Figs. 5-11 without error bars. The relative friction

force in Figs. 6 and 7 was calculated based on Eqs. (2) and (3),

where the vibration frequency (f) and amplitude (a) were mea-

sured in Experiment 1, and the rest variables (U = 50 mm/s, m0

= 0.25, n = 0.33,C� = 4.69) were taken from [13], [15].

Without the contact of the artificial finger, the vibration

amplitudes of TPaDs vary from 1.8 to 6 mm (in Fig. 5(a)). The

SLG_0.4 has the highest vibration amplitude (about 6 mm),

which is about 2 mm more than the second-highest vibration

amplitude (D263_0.4). As the contact force increases to 1 N,

the vibration amplitudes of the TPaDs decrease significantly,

especially for the SLG_0.4, thus also decreasing the friction

reduction performance (Figs. 6 and 7).

Compared to the sharp changes of the vibration amplitude,

the real power consumption decreases slightly when increasing

the contact force (in Fig. 5(b)). The Gorilla_0.8 has the highest

real power consumption (around 1 Watt). The SLG_0.4 has the

lowest real power consumption, less than 0.2 Watt. Also, we

observe that the power consumption of a TPaD decreases as the

contact force increases (in Fig. 5(b)). This will be discussed in

more detail in Section V.

A. Effect of Thickness

Fig. 6 shows the effect of thickness for each of the three

materials (SLG, D263, and Gorilla). Independent of material,

thinner TPaDs yield higher performance. For example, in

Fig. 6(a), SLG_0.4 generates the maximum friction reduction

with the minimum real power consumption for each contact

force. SLG_0.7 has higher friction reduction ability than

SLG_0.56, but this comes at a higher energy cost. Similar

trends are also found in Fig. 6(b). Finally, as seen in Fig. 6(c),

even though the friction reduction ability of the Gorilla_0.8 is

slightly better than that of the Gorilla_0.56, this again comes

at a significant cost in energy consumption.

B. Effect of Materials

Fig. 7 shows the effect of material for each of the three

thicknesses (0.4 mm, 0.56 mm and 0.7 mm). Here, the results

are a bit more mixed. Fig. 7(a) shows that SLG_0.4 has lower

energy consumption and comparable or better friction reduc-

tion than D263_0.4 at each contact force. This trend holds true

at 0.56 mm (Fig. 7(b)) with Gorilla_0.56 being similar to, but

exhibiting slightly less friction reduction, than soda lime.

Fig. 7(c) shows that BoroFloat_0.7 has almost identical fric-

tion reduction ability to SLG_0.7 but that it costs considerably

more energy.

V. RELATION BETWEEN POWER CONSUMPTION

AND CONTACT FORCE

Experiment 1 shows that TPaD power consumption decreases

as contact force increases. One possible reason is that the reso-

nant frequency of a TPaD shifts as the contact force grows. Since

Fig. 5. Comparisons of eight TPaDs as a function of contact force: (a) vibra-
tion amplitude, and (b) real power.
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the fixed excitation frequency was used for each TPaD in Exper-

iment 1, the decreasing power consumption could be due to

the deviation from resonance. To address this, another set of

experiments was run in which the resonant frequency was

updated for each contact force, and we still found similar

decreases in real power consumption with increasing contact

Fig. 6. Comparisons between TPaDs with different thicknesses on the rela-
tionship between the relative friction force and the real power consumption:
(a) SLG TPaDs, (b) D263 TPaDs, and (c) Gorilla TPaDs. Each point repre-
sents an average value over five trials for the corresponding TPaD. Each
dashed line connects the results with the same contact force. Points with
higher contact force are up and to the left.

Fig. 7. Comparisons between TPaDs with different materials on the relation-
ship between the relative friction force and the real power consumption:
(a) TPaDs with 0.4 mm thickness, (b) TPaDs with 0.56 mm thickness, and
(c) TPaDs with 0.7 mm thickness. Each point represents an average value over
five trials for the corresponding TPaD. Each dashed line connects the results
with the same contact force. Points with higher contact force are up and to
the left.
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force. To investigate matters further, we built a lumped-parame-

ter electromechanical model, which is introduced in the next

section.

A. Model of Fingertip-TPaD System

The simplified lumped-parameter model (Fig. 8(a)) includes

the vibrating TPaD, the artificial finger, and the electrical

behavior of the piezoelectric actuator. For present purposes,

we assume the fingertip stays in contact with the TPaD when

the vibration amplitude is low. In the equivalent circuit model

(Fig. 8(b)), an equivalent inductor (L), capacitor (C), and

resistor (R), which represent the impedance of artificial finger

and the TPaD in the lumped-parameter model, are reflected on

the electrical circuit of the piezoelectric actuator by the elec-

tromechanical conversion factor (g). The static capacitance

(C0) of the piezoelectric actuator is 9.88 nF and the resistance

of the shunt resistor (R0) is 100V� 0:1%. ug and ig are

the voltage and the current across the motional branch of

the TPaD, respectively. Other parameters were estimated

based on a measurement of the electrical impedance of the

fingertip-TPaD system. In addition, the pressing force (ff ) is a
static force, which is not included in the dynamic analysis of

this model. But, the effect of the pressing force (ff ) is

reflected on the changes of the equivalent inductor (L), capaci-
tor (C), and resistor (R) because a higher pressing force intro-

duces more finger tissue to the finger-TPaD system.

The transfer function from iðtÞ to ugðtÞ is equal to:
UgðsÞ
IðsÞ ¼ LCs2 þ RCsþ 1

C0LCs3 þ C0RCs2 þ ðC0 þ CÞs (4)

from which impedance of the TPaD system can be found:

Z ¼ X0
2R

R2 þ ðX0 þX1Þ2
þ j

X0ðR2 þX0X1 þX1
2Þ

R2 þ ðX0 þX1Þ2
(5)

where X0 ¼ � 1
C0v

and X1 ¼ Lv� 1
Cv

represent the imagi-

nary impedance of the static capacitor and the motional branch

of the TPaD, respectively.

Since the TPaDs are excited at resonance (v ¼ 1ffiffiffiffiffi
LC

p ), the

imaginary impedance of the motional branch (X1) is equal to

zero. The impedance of the TPaD system can be simplified as

Z ¼ X0
2R

R2 þX0
2
þ j

X0R
2

R2 þX0
2

(6)

Since the shunt resistor (R0) was in series with the piezoelec-

tric actuator, the voltage across the motional branch (Ug) can

be expressed in terms of the input voltage, Ui, as follows:

Ug ¼ Ui

Zj j þR0
Zj j ¼ Ui

X0Rffiffiffiffiffiffiffiffiffiffiffiffiffi
R2þX0

2
p þR0

X0Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þX0

2
p (7)

Thus, the real power consumption (DP ) in the TPaDs system

is equal to:

DP ¼ Ug
2

R
¼ U2

i

Rð1þR0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
X2
0

þ 1
R2

q
Þ2 (8)

What is notable in this expression is that the real power con-

sumption is expected to decrease with increasing motional

resistance R.

B. Model Results With An Artificial Finger

Since all the TPaDs had a similar trend, Figs. 9, 10, and 11

show the performance of only the SLG_0.56.

The electrical impedance of the SLG_0.56 was measured by

a dynamic signal analyzer (the blue curve in Fig. 9). It was

then fitted with Eq. (4). The results are shown as the red curve

in Fig. 9. The equivalent capacitance (C), inductance (L), and
resistance (R) of the SLG_0.56 are shown in Fig. 11.

When the artificial finger gradually presses on the TPaD, the

equivalent capacitance decreases, but the equivalent induc-

tance and resistance increase. The changes of the equivalent

resistance are much more than that of the equivalent capaci-

tance or inductance. This means that the damping of the

finger-TPaD system increases significantly with increasing

Fig. 8. Electromechanical model: (a) lumped-parameter model and (b) equiv-
alent electrical model. In Fig. 8(a), the artificial finger is represented by the
mass (Mf ), the spring (Kf ), and the damper (Bf ). The TPaD with the mount-
ing foam is represented by the mass (Mg), the spring (Kg), and the damper
(Bg). ff represents the contact force between the artificial finger and the TPaD.
fg represents the driving force, which is transformed from the constant voltage
source. In Fig. 8(b), ui, RO, and CO represent the constant voltage source, the
shunt resistor, and the static capacitor of the piezoelectric actuator, respectively.
g represents the electromechanical conversion factor. L, C, and R represent the
equivalent inductor, capacitor, and resistor from the lumped-parameter model,
respectively. The vibration velocity (X) is represented by ig = gX , the current
that passes through and R. The driving force (fg) is represented by ug = fg g,
the cumulative voltage across L, C, and R. ig and i are the current through the
motional branch of the TPaD and the total current, respectively.
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contact force. One reasonable hypothesis is that the involved

damping of the artificial finger increases along with contact

force. To test this hypothesis, an experiment was performed in

which the artificial finger was replaced with a spring.

C. Model Results With a Spring

In Fig. 10 we see that, as the contact force increases, the

revised system exhibits decreases in the vibration amplitude

and the real power, just like the artificial finger, but that these

Fig. 9. Electrical impedance of the SLG_0.56 without the contact of the arti-
ficial finger.

Fig. 10. Comparisons between the SLG_0.56 with an artificial finger and that
with a spring on the vibration amplitude and the real power: (a) vibration
amplitude and (b) real power.

Fig. 11. Comparison between physical changes of the SLG_0.56 with an
artificial finger and that with a spring: (a) Equivalent capacitor, (b) Equivalent
inductor, and (c) Equivalent resistor.
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decreases are much less pronounced. The equivalent L, C, and

R of the SLG_0.56 with the spring were extracted by using the

same fitting process as Experiment 1 (see in Fig. 9). Compared

with the artificial finger, the equivalent L, C, and R of the

SLG_0.56 with the spring also change more slowly (Fig. 11).

It is especially notable that the equivalent resistance of the

system (1250 V) is almost a half of that with the artificial fin-

ger (2150 V) when the contact force is 2 N.

Eq. (8) and the results in Fig. 11 may be used to estimate the

real power consumption for SLG_0.56 when the artificial finger

or the spring contacts the TPaD (Fig. 10(b)). As the contact

force increases, the vibration amplitude decreases, consistent

with the assumption that the fingertip stays in contact with the

TPaD. This enables the model predictions to show good agree-

ment with the experimental results.

VI. DISCUSSION

A. Effects of Glass Mechanical Properties and Thickness

Fig. 6 shows that there is a negative relationship between the

glass thickness and TPaD performance (similar observations

were found in [18], [19]). Fig. 7(a) and (c)) indicate that a lower

density and a lower Young’s modulus will also modestly

improve performance (see also Table I). Here we consider

whether the amplification number (n) from the piezoelectric

actuator to the plate, defined in Wiertlewski et al. [11], might

help explain these results. The amplification number is defined

such that, as it decreases, the reflection of the plate’s impedance

to the actuator decreases, thereby increasing the real power

consumption under a constant voltage source.

Since Wiertlewski et al. assumed that the the actuator was

made of the same material as the plate [11], we need to gener-

alize their model in order to analyze the relation between the

amplification number and the mechanical properties of the

plate, including its density (rp), Young’s modulus (Ep), and

thickness (hp). In order to be consistent with the descriptions

in [11], we keep the same symbols for the variables.

Based on Newton’s third law at the junction of the actuator

and the plate, the shear forces of the sandwich (the actuator

and the plate) and the plate have the same magnitude but

opposite directions (shown in Fig. 12).

fi1j j ¼ fi2j j (9)

According to sandwich theory [20] and Euler-Bernoulli the-

ory, the shear forces fi1 and fi2 may be expressed as:

fi1j j ¼ D1
d3Ua

dx3
(10)

fi2j j ¼ D2
d3Up

dx3
(11)

where the junction is assumed to be at the nodal point (x ¼ 0).
Ua and Up are the deflections of the actuator and the plate,

respectively. Thus:

D1
d3Ua

dx3

�����
x¼0

¼ D2
d3Up

dx3

�����
x¼0

(12)

The flexural stiffness (D1) of the sandwich beam is expressed as

D1 ¼
Z Z

z2Eðy; zÞdzdy

¼ Eplw
h3
p

3
þ Ealw

h3
a

3
þ hph

2
a þ h2

pha

� � (13)

The flexural stiffness (D2) of the beam with an uniform

Young’s modulus is expressed as

D2 ¼
Z Z

z2Epdzdy ¼ EpIp ¼
Eplwh

3
p

12
(14)

Where Ea, ha, Ep, and hp represent the Young’s modulus and

the thickness of the actuator and the plate, respectively. Ip is

the second moment of area of the beams cross-section. lw is

the width of the beam in y axis. Assuming Ua ¼ ua sin ðbaxÞ
and Up ¼ up sin ðbpxÞ, where ba and bp are the wavenumber

of the actuator and the plate, Eq. (12) is simplified as

D1uab
3
a ¼

Eplwh
3
p

12
upb

3
p (15)

Since the amplification number is defined as the ratio of the

plate amplitude to the actuator amplitude, it is represented as

n ¼ up

ua
¼ 12D1

Eph3
plw

b3
a

b3
p

(16)

Based on EulerBernoulli beam theory, the wavenumber (b) is

equal to

b ¼ 2p

�
¼

ffiffi
½

p
4�mv

2

D
(17)

where �, m, and v are the wavelength of oscillation, the mass

per unit length, and the angular frequency of oscillation,

respectively. Thus, the wavenumbers of the actuator (ba) and

plate (bp) may be represented as

Fig. 12. Beam bending model of a TPaD.

490 IEEE TRANSACTIONS ON HAPTICS, VOL. 13, NO. 3, JULY-SEPTEMBER 2020



ba ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4�m1v

2

D1

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4�v

2lwðraha þ rphpÞ
D1

s
(18)

bp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4�m2v

2

D2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4�m2v

2

EpIp
¼

ffiffi
½

p
4�12v

2rp

Eph2
p

s
(19)

Eq. (16) may now be simplified to

n ¼ 12 �
"
1

12

 
D0

1

Ep

!1
3
 
raha

h2
prp

þ 1

hp

!#3
4

(20)

WhereD0
1 isD1 divided by lw.

D0
1 ¼ Ep

h3
p

3
þ Ea

 
h3
a

3
þ hph

2
a þ h2

pha

!
(21)

A hard piezoelectric actuator (SMPL60W5T03R112, Ste-

minc and Martins Inc, Miami, FL, USA) was used for each

TPaD. Its thickness (ha), density (ra), and Young’s Modulus

(Ea) are 0.3 mm, 7.9 g=cm3, and 84 kN=mm2, respectively.

Using these properties as well as those of the various TPaDs,

the relation between the square of the amplification number

(n2) and the thickness (hp), density (rp), and Young’s modu-

lus (Ep) of glass are shown in Fig. 13.

Assuming that the reflected impedance of the glass (n2Zglass)

is much greater than the actuator impedance (Zactuator), and

assuming that the glass impedances (Zglass) of all the TPaDs are

similar, the real power consumption DP of any two TPaDs

under a constant voltage supplymay be compared as follows:

DP2

DP1
¼ n2

1Zglass

n2
2Zglass

¼ n2
1

n2
2

(22)

where DP1, n1, DP2, and n2 are the real power consumption

and the amplification number of one type of TPaD and another

type of TPaD, respectively. Thus, as the amplification number

decreases, the real power consumption increases (assuming a

constant voltage source).

Eq. (22) may be used to compare the expected power consump-

tion of the various TPaDs against that of one reference, which is

taken to be SLG_0.56. This is shown in Fig. 14) and provides gen-

erally quite good agreement with experimental results. Thus, the

effects of thickness, density, andYoung’smodulus on the amplifi-

cation number could be reasons why TPaDs with thick, dense, or

stiff glass exhibit lower power efficiency in Figs. 6 and 7.

B. Summary: Changes in the Real Power

Several factors have been shown to affect power consumption.

Notably, an increase in damping will decrease real power con-

sumption under constant voltage excitation (Eq. (8)). One conse-

quence of this is that increasing contact force with a finger will

decrease power (presumably because damping grows as the con-

tact area increases), while increasing contact force with a spring

will have minimal effect. Additionally, an increase in reflected

impedance due to thinner, less dense or less stiff glass, will reduce

power consumption.

Fig. 13. Relation between the square of the amplification number (n2) and
the thickness (hp), density (rp), Young’s modulus (Ep) of glass: (a) Thickness
(hp), (b) Density (rp), and (c) Young’s modulus (Ep).
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VII. CONCLUSION

This study has contributed to the design of surface haptic

devices based on transverse ultrasonic vibrations by elucidating

the manner in which material and geometric properties of a

glass plate will affect friction reduction as well as real power

consumption. Three leading ultrasonic friction reduction mod-

els were reviewed and a rationale was provided for adopting

the model of Vezzoli, et al. and Sednaoui, et al. [13], [15]. This

model and a set of very carefully constructed TPaDs were used

to investigate performance. The experimental results, an elec-

tromechanical model, and a mechanics-based estimate of

reflected impedance, collectively shed light on the underlying

factors affecting vibration velocity magnitude and power con-

sumption. These results allow for design optimization strate-

gies, such as using glass that is thin with a low Youngs

modulus and low density. Future work can further address

design optimization including actuator parameters that affect

the amplification number. Additionally, it may be interesting to

apply these results to better understand why TPaD performance

can vary considerably from person to person.
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