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Abstract—The existing lumped parameter circuit models do not
capture the true (experimentally observed) behavior of electrostatic
forces between human finger and a touch screen under electroadhesion,
changing as a function of stimulation frequency. In order to address
this problem, we first conducted an experiment to measure the voltage-
induced frictional forces acting on the finger of a user sliding on a touch
screen under constant normal force for stimulation frequencies ranging
from 1 to 106 Hz. The steady-state values of coefficient of sliding friction
for those frequencies and the value for voltage-free sliding (no electroad-
hesion) were utilized to estimate the magnitude of electrostatic force as
a function of frequency. The experimental data shows that electrostatic
force follows an inverted parabolic curve with a peak value around 250
Hz. Following the experimental characterization of electrostatic forces,
an electro-mechanical model based on the fundamental laws of electric
fields and Persson’s multi-scale contact mechanics theory was developed.
Compared to the existing ones in the literature, the proposed model
takes into account the charge accumulation and transfer at the interfaces
of finger and touch screen. The model is in good agreement with the
experimental data and shows that the change in magnitude of electrostatic
force is mainly due to the leakage of charge from the Stratum Corneum
(SC) to the touch screen at frequencies lower than 250 Hz and electrical
properties of the SC at frequencies higher than 250 Hz.

Index Terms—electroadhesion, charge leakage, contact mechanics,
electrostatic forces, touch screen, surface haptics.

I. INTRODUCTION

SURFACE haptics is a growing area of research which aims to
display tactile effects to a user through a touch surface (see the

recent review by Basdogan et al. [1]). Although there are different
methods of actuation for this purpose, electrostatic actuation appears
to be the most promising one. An electrostatic attractive force can be
generated between two conducting solids having different electrical
potentials and this phenomenon is known as electroadhesion. The
term electroadhesion was first introduced by Johnsen and Rahbek in
1923 [2] to describe the adhesive force between a brass plate and a
slab of limestone resting on a conductor surface when a high voltage
difference was established between the brass plate and the conductor.
In 1950, Mallinckrodt et al. [3] accidentally discovered that if human
finger moves gently on a smooth metal surface, which is coated with
an insulating layer and connected to a 110 volts alternating power
supply, there is a sense of adhesion. They explained the cause of
adhesion by parallel-plate capacitor principle and reported that this
sensation vanished when the power supply was turned off. Years later,
Grimnes [4] named this phenomenon as “electrovibration”.

Researchers have started to show further interest to this topic
when Strong and Troxel [5] developed the first surface display for
blind that utilized the electrovibration technology to provide them
with tactile feedback. Their display was composed of an array of
small electrodes coated with an insulating surface. They observed
that the applied voltage had significant effects on the intensity of
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touch sensations, where the applied current did not have such effects.
To study the effect of spatial resolution and information transmission
capacity, Tang and Beebe [6], [7] developed a more sophisticated
electrovibration display based on the design similar to that of Strong
and Troxel [5]. They performed experiments with visually impaired
people and reported their tactile stimulus detection thresholds and
also their detection rates in line separation and pattern recognition.
The participants were able to recognize basic tactile patterns (circle,
triangle, square) by tactile exploration with an accuracy of approxi-
mately 70%. More recently, Bau et al. [8] introduced TeslaTouch, a
commercial surface capacitive touch screen with a conductive layer
(ITO: Indium Tin Oxide) underneath an insulator layer (SiO2), that
can display tactile feedback to a sliding finger when a voltage signal
is applied to the conductive layer. Since the human finger interacting
with the touch screen has also conductor and insulator layers, an
electrostatic attraction force is generated between the finger and the
touch screen. The insulator layer in finger is Stratum Corneum (SC),
which is mainly composed of dead cells [9]. In fact, this layer is
not a perfect insulator and can partially prevent the electrical charges
to pass. Yamamoto and Yamamoto [10] showed that both electrical
resistivity and permittivity of the SC are highly dependent on the
frequency of applied voltage.

In order to estimate the electrostatic forces between human fin-
ger and touch screen under electroadhesion, parallel-plate capacitor
models have been utilized (see the review in [11]). Meyer et al. [12]
developed a model based on this principle and showed the linear
relationship between the magnitude of electrostatic force and the
square of the applied voltage amplitude. They also reported that
the inferred electrostatic force increases with the frequency of the
voltage signal. Shultz et al. [13], [14] made a number of important
contributions, including the observation that the electrical impedance
of the air gap (which relates to leakage current) depends critically on
motion of the finger across the surface. They performed experimental
measurements of the impedance at the air gap and supported their
results with a circuit model. Basdogan et al. [15] also utilized a
parallel-plate capacitor model to estimate the average normal pressure
due to electroadhesion and the work done by electroadhesion. The
estimated work was then used in the well-known Johnson-Kendall-
Roberts (JKR) contact model to investigate the increase in tangential
friction force and hence the inferred electrostatic force due to elec-
troadhesion. They showed that the results of the model matches well
with the experimental data collected by a custom-made tribometer.

A recent work by Heß and Forsbach [16] utilized Shull’s compli-
ance method [17], which is a generalized version of JKR theory, to
model contact interactions between human finger and touch surface
under electroadhesion for large deformations. Assuming pressure-
controlled friction, a model for the sliding electro-adhesive contact
was developed, which adequately imitates the experimental data
reported in Basdogan et al. [15]. Nakamura and Yamamoto [18]
investigated the decrease in electrostatic force under DC input voltage
using an electro-mechanical model. The mechanical part was based
on a simple mass-spring system and simulated the fluctuations in
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air gap thickness during sliding. The electrical model was based on
Johnsen-Rahbek effect, which states that an insulator have a finite
resistivity and electrical charges can travel inside it [19]. The authors
concluded that electrostatic force decreases if the ratio of electrical
permittivity to conductivity of an insulator is higher than that of air.
Persson [20] developed a model for the electrostatic attraction forces
between two surfaces having a potential difference based on his multi-
scale contact mechanics theory [21], [22]. Recently, he generalized
this model to include charge leakage and sweat accumulation at the
air gap [23]. Ayyildiz et al. [24] and Sirin et al. [25] investigated
the electroadhesion between human finger and a touch screen using
the Persson’s theory and showed that the main cause of increase in
friction force (and hence the electrostatic force) is due to the increase
in real contact area of finger.

In this study, we focus on the frequency-dependent behavior of
electrostatic forces between human finger and touch screen under
electroadhesion. The number of studies investigating this topic is
only a few [12], [26]–[28]. Furthermore, in all the earlier studies,
relatively simple circuit models were considered, which are limited in
capturing the true (experimentally-observed) behavior of electrostatic
force, especially at high frequencies. We argue that modeling charge
transfer between the interfaces of SiO2-air and air-SC as a function
of frequency is critical to capture this behavior. At low frequencies,
induced charges in opposite polarity accumulate at these interfaces
and some of them leak to the surface of touch screen. As the
frequency increases, the polarity changes frequently and the charges
are not able to accumulate at the interfaces and the leakage decreases.
In addition, the permittivity of the SC drops with increasing frequency
which adversely affect the electric field and hence the electrostatic
force.

We argue that considering charge transfer is important for develop-
ing a proper electrical model to investigate electroadhesion using the
fundamental laws of electric field. To our knowledge, such in-depth
investigation has not been performed for a wide-range of stimulation
frequencies in the literature. The model proposed in this study fits to
the experimental data better than the ones available in the literature.
In particular, we show that charge leakage is the main factor for
the reduction in electrostatic forces at lower frequencies while the
frequency-dependent nature of the SC is the one at higher frequencies.

The rest of the paper is organized as follows: in Section II, we
introduce our electrical model that enables to calculate the electric
field at the air gap and the electrostatic attraction force between
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Fig. 1. A cross-sectional representation of the capacitive touch screen in
contact with a human finger. The touch screen is composed of a conductive
(ITO) layer beneath an insulator layer of SiO2. Only the outermost layer of the
human finger (SC) is displayed in the figure, which has a finite conductivity.
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Fig. 2. The experimental set-up used in our study to measure the electrostatic
forces acting on human finger.

finger and touch screen, where we also utilize Persson’s multi-scale
contact theory to consider variable air gap. The experimental set-up
and procedure are explained in Section III. The experimental results
are reported in Section IV together with the numerical solutions of
the model. The results of the study are discussed in Section V and
conclusions of the study are provided in Section VI. Four appendices
are also added to the end of this manuscript to help with the digestion
of the technical material.

II. ANALYTICAL MODELING

Fig. 1 represents a cross-section of human finger on a touch screen.
As shown in the figure, the SC layer of finger is in full contact with
the SiO2 layer of touch screen in some small regions only due to
the multi-scale roughness of fingerpad surface. These contact regions
form the real contact area. Since the SC is not a perfect insulator, a
small number of electrical charges moves from the SC layer to the
surface of the dielectric (in other words, some amount of leakage
current density (JL) flows from SiO2 to the SC layer).

A. Electrical Model

We have developed an electrical model to investigate the charge
transfer between human finger and touch screen under electroadhe-
sion. In our model, a voltage source is attached to the conductive ITO
layer and the finger is electrically grounded. As a result, negative
electric charges (electrons) travel from SiO2 towards the voltage
source and positive charges remain inside the material. On the other
hand, electrons move from the voltage source towards the SC layer
and negative charges accumulate inside this layer (see Fig. 1). As
long as the air gap acts like a dielectric layer between the SiO2 and
SC, the positive charges accumulated in SiO2 and the negative ones in
the SC produce an external electric field. This electric field creates
an electrostatic attraction force on the finger (Fe). The amplitude
of the electrostatic force is proportional to the square of the input
voltage amplitude and hence, the number of accumulated charges at
the interfaces of SiO2-air and air-SC.
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In our model, the subscripts 1, g, and 2 denote SiO2, air gap, and
the SC, respectively. Since the electrical properties of the SC vary
with stimulation frequency [10], the complex dielectric function for
this layer can be written as [23], [29]:

ε2 = ε′2 − jε′′2 = ε′2 − j
σ2

ωε0
(1)

where, ε′2 and ε′′2 are the real and imaginary parts of the permittivity
function, respectively, ω is the stimulation frequency, ε0 is the
permittivity of free space (8.854 × 10−12 F.m−1), and σ2 is the
conductivity of the SC layer. The complex permittivity of the SC is
a function of frequency and the values of ε′2 and σ2 in Eq. 1 are
adopted from [10].

The surface charge densities at the interfaces of SiO2-air and air-
SC are represented by ρ1 and ρ2, respectively. Defining J as the
current density, the following expression is valid for the SiO2-air
interface as (see Appendix I for details) [18], [30]:

J1 + Jg = −∂ρ1
∂t

(2)

and similarly for the interface of air-SC one can write:

Jg + J2 = −∂ρ2
∂t

(3)

Referring to the definition of electric flux density, one can write
Dn1 = ε1E1, Dng = εgEg , and Dn2 = ε2E2, where Dn is the
normal component of the electric flux density, and E is the electric
field. Based on the Gauss law, the relationship between the flux
densities and the charge densities for each interface can be expressed
as [31]:

ρ1 = Dng −Dn1 = εgEg − ε1E1 (4)

ρ2 = Dn2 −Dng = ε2E2 − εgEg (5)

In addition, the current densities for each layer can be written as
J1 = σ1E1, Jg = σgEg , and J2 = σ2E2. Note that in the equation
for the first interface (Eq. 2), the direction of J1 is opposite to the
direction of the electric field E1 and in the equation for the second
interface (Eq. 3), the direction of Jg is opposite to the direction of
the electric field Eg . So, a negative sign must be considered in front
of the current density J1 in Eq. 2 and the current density Jg in Eq.
3. Hence, Eqs. 2 and 3 can be re-written as:

−σ1E1 + σgEg =
∂

∂t
(ε1E1 − εgEg) (6)

−σgEg + σ2E2 =
∂

∂t
(εgEg − ε2E2) (7)

The boundary condition is expressed as:

V = E1d1 + Egu+ E2d2 (8)

where, d1 and d2 are the thicknesses of SiO2 and SC layers,
respectively and V is the excitation voltage applied to the ITO layer
of touch screen. The interfacial separation between the SiO2 and SC
layers is denoted by u and it is a function of position in xy plane
[20]. The electric fields E1, Eg , and E2 are obtained using Eqs. 4,
5, and 8 as:

E1 =
V −

(
u
εg

+ d2
ε2

)
ρ1 − d2

ε2
ρ2

d1 + ε1
(

u
εg

+ d2
ε2

) (9)

Eg =
V + d1

ε1
ρ1 − d2

ε2
ρ2

u+ εg
(

d1
ε1

+ d2
ε2

) (10)

E2 =
V + d1

ε1
ρ1 +

(
d1
ε1

+ u
εg

)
ρ2

d2 + ε2
(

d1
ε1

+ u
εg

) (11)

Now that the electric fields are calculated, we need to calculate the
electric charge densities at both interfaces. Eqs. 2 and 3 can be
rewritten as:

−∂ρ1
∂t

= −σ1E1 + σgEg (12)

−∂ρ2
∂t

= −σgEg + σ2E2 (13)

Substituting the electric fields from Eqs. 9, 10, and 11 into Eqs. 12
and 13 and rearranging the parameters of both equations with respect
to the charge densities and the applied voltage give:

−∂ρ1
∂t

=

 σ1

(
u
εg

+ d2
ε2

)
d1 + ε1

(
u
εg

+ d2
ε2

) +
σg

d1
ε1

u+ εg
(

d1
ε1

+ d2
ε2

)
 ρ1

+

 σ1
d2
ε2

d1 + ε1
(

u
εg

+ d2
ε2

) −
σg

d2
ε2

u+ εg
(

d1
ε1

+ d2
ε2

)
 ρ2

+

− σ1

d1 + ε1
(

u
εg

+ d2
ε2

) +
σg

u+ εg
(

d1
ε1

+ d2
ε2

)
V

(14)

−∂ρ2
∂t

=

 σ2
d1
ε1

d2 + ε2
(

d1
ε1

+ u
εg

) −
σg

d1
ε1

u+ εg
(

d1
ε1

+ d2
ε2

)
 ρ1

+

 σ2

(
d1
ε1

+ u
εg

)
d2 + ε2

(
d1
ε1

+ u
εg

) +
σg

d2
ε2

u+ εg
(

d1
ε1

+ d2
ε2

)
 ρ2

+

 σ2

d2 + ε2
(

d1
ε1

+ u
εg

) − σg

u+ εg
(

d1
ε1

+ d2
ε2

)
V

(15)

If we define a, b, c, d, e, and f as the equivalent coefficients, the
above equations can be simplified to:

−∂ρ1
∂t

= aρ1 + bρ2 + cV (16)

−∂ρ2
∂t

= dρ1 + eρ2 + fV (17)

These coupled equations are transferred to Laplace domain to solve
for charge densities as:

P1(s) =
−c(s+ e) + fb

(s+ e)(s+ a)− db
V (s) (18)

P2(s) =
−f(s+ a) + cd

(s+ e)(s+ a)− db
V (s) (19)

Note that initially all the materials are electrically neutral and hence,
the initial conditions for both charge densities are zero. Therefore,

ρ1(t) = L−1{P1(s)} (20)

ρ2(t) = L−1{P2(s)} (21)

The time domain solutions for ρ1(t) and ρ2(t) are given in Appendix
II.

The electrical relaxation time of a material is defined by the ratio
of its permittivity to conductivity as τ = ε/σ. According to the
Maxwell-Wagner effect [32], if two materials in contact have different
relaxation times, charges can accumulate at the interface and current
flows from one material to another when there is a potential difference
between them. In fact, this current is called as the leakage current.
Let us discuss the current leakage in steady-state for the regions
where SiO2 and the SC are in full contact (Fig. 1). In this case,
∇.J⃗L = 0, where JL is the density of leakage current from the SC
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TABLE I
THE LIST OF PARAMETERS AND THEIR VALUES USED IN THE MODEL

Parameters Definition Value Unit

ε1 Relative permittivity of SiO2 3.9

d1, d2 Thicknesses of SiO2 and SC 1, 200 µm

σ1, σg Conductivities of SiO2 and air 10−13, 10−14 1/Ωm

ε2 Complex permittivity function of the SC adopted from Ref. [10]

σ2 Conductivity of the SC adopted from Ref. [10] 1/Ωm

Y1, Y2 Elastic moduli of SiO2 and SC 70× 103, 10 MPa

ν1, ν2 Poisson’s ratios of SiO2 and SC 0.15, 0.5

hrms Root-mean-square roughness amplitude of fingerpad 22 µm

H Hurst exponent 0.86

qL, q0, q1 The shortest, the long-distance roll-off, and the short-distance cut-off wavevectors 9× 102, 8× 103, 1× 1010 1/m

p0 Applied normal pressure 5 kPa

A0 Apparent contact area 100 mm2

to the surface of touch screen (SiO2). The differential form of the
Gauss law is defined as:

∇.D⃗ = ρL (22)

Considering the electric flux density, the following equation is
obtained:

∇.D⃗ = ∇.εE⃗ = ∇.ε J⃗L
σ

= ∇.τ J⃗L (23)

Substituting Eq. 23 into Eq. 22, the density of leakage current is
equal to:

JL =
ρL

τ2 − τ1
(24)

where, τ1 and τ2 are the relaxation times of SiO2 and the SC,
respectively, and ρL is the steady-state value of leakage charge
density, which is obtained from the steady-state values of interface
charge densities as:

ρL = ρ2 − ρ1 (25)

The leakage decreases the electric field at the air gap. The reduction
in electric field at the air gap due to the leakage from the SC to the
surface of touch screen can be expressed as:

EL =
JL
αu

(26)

where, α is the electric contact conductivity and calculated using the
equations in Appendix III. It is a function of stimulation frequency
and the values used for its calculation are tabulated in Table. I.
Defining h0 = d1/ε1 + d2/ε2 as the effective thickness, and also
referring to Eq. 10, the total electric field at the air gap can now be
written as:

Etot = Eg − EL

=
V

u+ εgh0
+
d1
ε1

ρ1
u+ εgh0

− d2
ε2

ρ2
u+ εgh0

− JL
αu

(27)

The first term of this equation is exactly the same electric field
equation obtained by Persson [20] for the case of no charge leakage
while the second and the third terms are added in this study to take
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Fig. 3. Experimental results; (a) Coefficient of friction (CoF), normal force, and the velocity profile of the horizontal stage as a function of displacement (b)
steady-state values of CoF (solid) and electrostatic attraction force (dashed) as a function of stimulation frequency.
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into account the accumulation of charges at the interfaces and the
fourth term is added to include the leakage effect.

B. Mechanistic Contact Model

An important issue in investigating the contact interactions between
human finger and touch screen under electroadhesion is the air gap,
which is nonuniform due to the relative motion between them and
multi-scale roughness of the fingerpad. Persson’s contact theory is
utilized in this study to model variability in air gap, which takes
into account the multi-scale nature of contacting surfaces [21], [22].
We use a probability function for the variable air gap as suggested
in Persson’s contact theory [20], [25] and integrate the electric field
estimated in Eq. 27 into the Maxwell stress tensor to estimate the
electrostatic forces as a function of frequency.

The zz-component of the Maxwell stress tensor is utilized to
calculate the normal electrostatic pressure as:

σzz =
1

2
ε0E

2
tot (28)

Defining the probability distribution of interfacial separations as
P (p, u) [33], the average stress over the surface roughness is written
as:

⟨σzz⟩ =
1

2
ε0

∫
duP (p, u)E2

tot (29)

where, ⟨...⟩ denotes ensemble averaging. Note that Etot is the
difference between Eg and EL (Eq. 27) and the limits of the integral
for Eg are from 0 to ∞ while the limits for EL are from ac to ∞,
where ac = 10nm is a cut-off distance taken from [20]. Based on
Persson’s contact theory [33]–[35], if the nominal contact pressure
applied by the finger on touch screen (p0) is not too high and not
too low, the electrostatic pressure pe = ⟨σzz⟩ adds on the external
load and makes the total loading pressure p = p0 + pe. Finally,
electrostatic force can be calculated by multiplying the electrostatic
pressure with the real area of contact as:

Fe = peAreal (30)

More discussion on Persson’s contact mechanics theory is given in
Appendix IV.

III. EXPERIMENTAL METHODS

The experimental set-up used in this study (Fig. 2) is the one
designed and developed by Ozdamar et al. [36]. The major compo-
nents of this set-up include a force transducer (Mini40-SI-80-4, ATI
Inc.) placed under a capacitive touch screen (SCT3250, 3M Inc.)
to measure the normal and tangential forces acting on finger, two
linear translational stages (LTS150, Thorlabs Inc.) to move the touch
screen with respect to finger in normal and tangential directions,
a high-speed camera (IL5H, Fastec Imaging Inc.) to capture the
images of fingerpad, a co-axial light source (C50C, Contrastech
Inc.), a waveform generator (33220A, Agilent Inc.), and a piezo
driver/amplifier (PZD700A M/S, Trek Inc.) to apply the desired
voltage signals to the ITO layer of the touch screen. The normal
and tangential forces acting on finger were acquired at 2.5 kHz using
a DAQ card (PCIe-6034E, National Instruments Inc.).

The goal of the experiment was to measure the coefficient of sliding
friction (CoF: the ratio of tangential force Ft to normal force Fn)
between finger and touch screen under electroadhesion for different
stimulation frequencies (Fig. 3). The amplitude of the voltage signal
applied to the touch screen was kept constant at 75 volts, but its
frequency was varied from 1 Hz to 1 MHz (1 Hz, 10 Hz, 50 Hz, 100
Hz, 250 Hz, 500 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz).

Data was collected from a 28 years old male participant. Before
the experiment, the surface of touch screen was cleaned carefully
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by alcohol and the participant washed his hands with soap and
water and dried in room temperature. The index finger of the
participant was placed inside the hand support of the set-up to keep
it stationary while the touch screen under his finger was moved in
tangential direction with a constant velocity of 20 mm/s. Using a
PID controller, the normal force applied by his finger on the touch
screen was kept constant at Fn = 0.5 N . The participant was asked
to stay stable during the experiment and a wrist band was utilized
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to make him electrically grounded. A consent form, approved by the
Ethical Committee for Human Participants of Koc University, was
read and signed by the participant before the experiment. The study
conformed to the principles of the Declaration of Helsinki and the
experiment was performed in accordance with relevant guidelines and
regulations.

IV. RESULTS

A. Experimental Results

The experiment was performed in 3 separate sessions in 3 different
days. Data (normal and tangential forces) were collected 3 times
(i.e. 3 trials) for each frequency in each session. The coefficient
of friction (CoF) was obtained by dividing the recorded tangential
force to normal force. The CoF curve reported in Fig. 3a are the
mean values of 9 trials (3 trials/session × 3 sessions) recorded
for each stimulation frequency. The mean value of normal force
for each stimulation frequency and velocity profile of the horizontal
stage as a function of displacement are also presented in the same
figure. The steady-state region for all CoF curves was taken as
the interval from 15 mm to 35 mm. The steady-state value of
CoF for each stimulation frequency was calculated by averaging the
instantaneous values in this region, (see Fig. 3b, the deviation bars
in the figure are the standard errors of means). As shown in Fig. 3b,
CoF increases with increasing stimulation frequency until 250 Hz
and then decreases. In addition, it has a relatively high value at 100
kHz.

The electrostatic force acting on the finger can be inferred from
the experimental CoF data as suggested in [15]:

Fe =

(
1− µOFF

µON

)
Fn (31)

where, µOFF and µON are the measured CoF when electrovibration
is off and on, respectively. The mean value of µOFF (average of 9
trials: 3 trials/session × 3 sessions) was measured as 0.512 with a
standard error of mean of 0.006. Fig. 3b presents the dependency of
the electrostatic force on the stimulation frequency for the normal
force of 0.5 N .

Furthermore, for the same normal force, we measured the apparent
contact area of the fingertip of the participant using the high-speed
camera as 100 mm2. The measurement procedure is available in Ref.
[36].

B. Modeling Results

The values of parameters used in the proposed model are tabulated
in Table. I. These values were taken from the related references in
the literature [15], [25]. Since the air gap between the SiO2 and SC
layers is varying, the electrostatic pressure, the average separation
between them, and the contact area ratio are calculated for different
voltage amplitudes and presented in Fig. 4. As shown in the figure,
the values of those parameters change as a function of stimulation
frequency for a constant AC voltage amplitude. They can simply be
obtained by drawing a vertical line from x-axis and intersecting the
curves in Fig. 4a, b, and c for all frequencies.

For a DC input voltage (V (s) = V0/s), the accumulated charges
at both interfaces were calculated directly using Eqs. 20 and 21. The
amount of charge accumulated at the interfaces of SiO2-air and air-
SC were plotted as a function of time for different voltage amplitudes
in Fig. 5a and Fig. 5b, respectively. For the results reported in Fig. 5
the amplitude of the voltage signal for the simulations was selected
as 50, 75, 100, 150, 200, and 300 volts. Using the proposed model,
we also investigated the behavior of interface charges for different
stimulation frequencies for an AC input voltage of 75 volts (Fig. 6).

Dark green and magenta colors are used to distinguish the SiO2-
air and air-SC charge densities, respectively. Note that the electrical
permittivity and resistivity of the SC change with the stimulation
frequency and Eq. 1 accounts for this dependency. The values of the
variable air gap for calculating surface charges under DC and AC
voltages are taken from Fig. 4b.

The charge densities at the interfaces depend on the stimulation
frequency. Naturally, the density of leaked charge, which is the
difference between the charge densities at the interfaces (Eq. 25), also
depends on the frequency. Since the electrostatic force is a function
of electric field which is calculated by using the charge densities,
its magnitude varies with the stimulation frequency. Furthermore, the
electrical properties of the SC change with frequency, which also
affects the magnitude of electrostatic force.

For an AC voltage amplitude of 75 volts, the change in electrostatic
force as a function of stimulation frequency is shown in Fig. 7a
(see the dark blue-colored curve). This curve shows the electrostatic
force response, in which both the effect of charge leakage and the
frequency-dependent electrical properties of the SC were taken into
account. In Fig. 7b, we report the change in average separation
distance (orange) and the real contact area (light blue) as a function
of stimulation frequency. All results reported in Fig. 7 are based on
the results given in Fig. 4.

Since our proposed model estimates the magnitude of electrostatic
force as a function of frequency well, we can now investigate the
influence of some parameters on the force response. Fig. 8 shows the
results of this investigation for different thicknesses of the insulator
layer of touch screen (a) and the SC layer (b), the permittivity of the
insulator layer of touch screen (c), and the Young’s modulus of the SC
layer (d). In all plots, the blue-colored curve is the closest estimation
of the model to the experimental data. The red and green curves
present the model outcome for 50% lower and 50% higher parameter
values with respect to the nominal ones, respectively. Corresponding
to each plot in the upper row, the percent change in electrostatic force
is reported in Fig. 8e, f, g, and h for the frequencies of stimulation
(see the lower row).

V. DISCUSSION

The lumped parameter models proposed in the earlier studies
[12], [26], [27], [37] are based on simple electrical components
like capacitors and resistors and are not able to capture the true
frequency-dependent behavior of electrostatic forces as observed in
our experiment (Fig. 3b). The electrostatic force response estimated
in the earlier modeling studies starts from zero and increases with
frequency until it saturates at some value but does not show a
decaying behavior as in Fig. 3b. Moreover, it is known that the
electrostatic force still exists at DC voltages, though it has a low
magnitude. Hence, a proper model should not return a zero value
for electrostatic force at zero frequency. Besides, the electroadhesion
occurs due to the exchange of electrical charges at the interfaces
of contacting surfaces and hence, fundamental laws of electric field
should be used instead of lumped circuit models to investigate the
frequency-dependent behavior of electrostatic force between finger
and a touch screen under electroadhesion.

We initially investigated the accumulation of charges at the in-
terfaces for a DC input voltage. As anticipated, positive charges
accumulate at the interface of SiO2-air since the conductive ITO
layer is attached to the positive port of DC voltage source (Fig. 5a).
Negative charges travel from SiO2 to the power source and hence the
remaining ones are positive. Since the finger is electrically grounded,
negative charges gather at the SC and the ratio of negative to positive
charges increases in time. Because electrical relaxation times of SiO2

and SC are different, negative charges drift from the SC to the surface
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Fig. 5. Accumulated charges at the interfaces of (a) SiO2-air and (b) air-SC as a function of time for different DC input voltages.

of SiO2 and gather there, resulting in a decrease in the electric field
at the air gap.

Fig. 6 shows that the accumulation of charges at the interfaces
highly depends on the stimulation frequency. Compared to the SiO2-
air interface, the amount of charge accumulated at the air-SC interface
is higher since the SC has higher conductivity than SiO2. For
both interfaces, increasing the stimulation frequency reduces the
accumulation of charges, making the total count zero eventually.

In Fig. 7a, we present the electrostatic forces estimated by our
model (dark blue-colored curve) for the stimulation frequencies
ranging from 1 to 106 Hz. We can virtually divide this range into
two regions with respect to the peak value of 250 Hz. In the first
region (below 250 Hz), charge leakage is significant as the stimulation
frequency is low. Fig. 6 also supports this claim since most of the
charge transfer occurs at low frequencies. Sirin et al. [25] also argued
that the SC acts like a conductor below 30 Hz and the accumulated
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Fig. 6. Accumulated charges at the interfaces of SiO2-air and air-SC at
steady-state with respect to stimulation frequencies.

charges leaks from its inner layer to its outer surface. As reported
in Fig. 6, there is no charge transfer at either interface in the second
region (above 250 Hz). Our proposed model (dark blue-colored curve)
displays a response similar to the one observed in our experiments
(dashed black-colored curve) for both regions.

We present the average separation between the finger and touch
screen (orange-colored curve) and the real area of contact (light
blue-colored curve) in Fig. 7b. The ranges of values obtained for
the average separation and the real contact area are in line with the
values reported in our earlier modeling studies [24], [25]. The real
contact area has a similar trend as electrostatic force, where it is
initially low, but increases to a maximum value at 250 Hz, and then
decreases as the stimulation frequency is increased. On the other
hand, the average separation distance follows a trend opposite to that
of the electrostatic force.

We also performed a limit analysis (similar to the one performed
by Forsbach and Heß [28]) to investigate the behavior of our model
at high frequencies. At high frequencies, only the first term of the
electric field equation (Eq. 27) is effective. Substituting the complex
permittivity function of the SC layer from Eq. 1 into Eq. 27 gives:

Etot ≈
V

u+ εg

d1
ε1

+
d2

ε′2 − j
σ2

ωε0


At high frequencies (ω −→ ∞), the above term is reduced to:

lim
ω→∞

Etot ≈
V

u+ εg

(
d1
ε1

+
d2

ε′2

)
where, the conductivity term disappears and only the permittivity
terms are left. Since the real part of the SC’s permittivity decreases
with increasing frequency [10], the electric field decreases with
frequency as well. Therefore, our limit analysis shows that the
electrostatic force should decrease with increasing frequency.

A peak value of the electrostatic force was observed around 250
Hz in both the experimental and modeling results, which was not
reported in the earlier studies. On the other hand, we observed a
relatively high value for the electrostatic force at 100 kHz frequency
in our experimental and modeling results (Fig. 7). Since the electrical
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properties of the SC change with the stimulation frequency, we
hypothesized that the high value of the electrostatic force can be
related to the behavior of its complex permittivity function. We know
that the real (ε′) and imaginary (ε′′) parts of the complex permittivity
function (Eq. 1) account for the storage and loss of electrical energy,
respectively and the dielectric loss is defined by the loss tangent as
[38]:

tan(δ) =
ε′′

ε′

The purple-colored curve in Fig. 7a presents the dielectric loss for
the SC. As shown in the figure, the curve has the lowest value at
approximately 100 kHz, which results in a relatively high electrostatic
force. Putting all together, we conclude that the dominant factor
effecting the frequency-dependent behavior of the electrostatic forces
at frequencies below 250 Hz is the charge leakage, while it is the
electrical properties of the SC at frequencies above 250 Hz.

Finally, we investigated the influence of the model parameters on
the electrostatic force response. This investigation revealed that de-
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creasing the thickness of the insulator layers and the Young’s modulus
of the SC resulted in increase in electrostatic force. Even a relatively
small reduction in these parameters results in a comparably large
increase in the force response for the frequency range investigated in
this study.

On the other hand, increasing the permittivity of the insulator
layer in touch screen also results in increase in electrostatic force.
Furthermore, Fig. 8c and g show that increasing the permittivity of
the insulator strongly influences the electrostatic force response at
low frequencies. Increasing permittivity decreases charge leakage and
hence increases the electrostatic attraction force. Similarly, the charge
leakage from SC is higher at low frequencies and hence the change
in thickness of SC has a greater effect on electrostatic force at higher
frequencies compared with lower frequencies (see 8b and f).

VI. CONCLUSION

Understanding the physics of electrical and mechanical interactions
between human finger and touch screen under electroadhesion is an
open and interesting research topic. In this paper, we investigated the
frequency-dependent frictional response of human finger under elec-
troadhesion by focusing on the transfer of induced charges between
finger and touch screen. In particular, the electrostatic force between
finger and touch screen was measured and modeled for frequencies
ranging from 1 to 106 Hz using the principles of electric fields and
Persson’s contact mechanics theory. In the case of DC input, the
induced charges accumulate at the interfaces of SiO2-air and air-
SC and some portion of them drifts to the surface of touch screen.
However, in the AC case, since the polarity of the input voltage signal
alternates frequently at high frequencies of stimulation, the charges
are not able to gather at the interfaces and hence, there is no leakage
after approximately 250 Hz. On the other hand, more charges are able
to leak to the surface of the touch screen at lower frequencies and as
a result, the electric field and hence the electrostatic force decrease
(Fig. 7). Our experimental data and modeling results reveal that the
electrostatic force shows an inverted parabolic behavior where the
force increases with increasing frequency until 250 Hz and decreases
afterwards. We suggest that lower electrostatic attraction force at low
and high frequencies is due to the charge leakage and the frequency-
dependent electrical properties of the SC, respectively. Interestingly,
we observed a relatively high value for the electrostatic force at
approximately 100 kHz in measurements and our model captured
this behavior surprisingly well. Further investigation revealed that
the dielectric loss of the SC at this frequency has the lowest value
(see purple curve in Fig. 7a). In other words, the ability of the SC to
store electrical potential energy becomes maximum at approximately
100 kHz and drops afterwards.

The electro-mechanical model proposed in this study does not take
into account the effect of capillary bridges, moisture, and humidity
of human finger. Those parameters all influence charge leakage, and
hence the thickness of air gap, real contact area, and electrostatic
force. In fact, they vary during sliding due to the multi-scale rough-
ness of human fingerpad. Sirin et al. [39] showed experimentally
that the effect of electrovibration is only present during full slip but
not before slip and finger moisture adversely affects its capacity to
modulate friction. In the future, we will further improve our current
model by taking into account the aforementioned effects above.

APPENDICES

I. Charge Continuity Equations for Interfaces

Let’s consider that two solids are in contact as shown in Fig. 9
and there is a potential difference between them. We also consider
a volume enclosed by the surfaces A-B-C-D as shown in the figure.

A

C

B

D

J4

J6
J2

J3

E
2

E
1

Q=V

Q=0

J5 J1

Fig. 9. Schematic representation of two solids in contact with each other and
their interface enclosed by the volume of A-B-C-D.

For simplicity, we assume that the areas of the opposite sides of the
volume are equal to each other, and define S1, S2, and S3 as the
areas of the top and bottom surfaces, the areas of the left and right
surfaces, and the areas of the front and back surfaces, respectively.
According to the charge conservation law [31], the amount of charge
entering our specified volume must be equal to the amount of charge
leaving it. In this case, the integral form of the charge continuity
equation can be written as:∮
J. dS = J1S1 + J2S1 + J3S2 + J4S2 + J5S3 + J6S3 = −dρv

dt
(I. 1)

where, ρv is the charge enclosed by the volume and Ji is the current
density leaving from each side of the volume (see the figure). By
reducing the space between the top and the bottom surfaces to zero,
the integration over the left, right, front, and back sides of the volume
becomes zero and the enclosed charge ρv simply becomes the surface
charge between the solids, ρs, and the charge continuity equation
takes the following form:

J1 + J2 = −dρs
dt

(I. 2)

This equation is utilized to express the charge continuity at the
interfaces of SiO2-air and air-SC.

II. Charge Densities in Time Domain

For an input voltage signal as V (t) = V0 cos(ωt), the time domain
solutions of Eqs. 20 and 21 are:

ρ1(t) = V0

[
α1 cos(ωt) + α2 sin(ωt) + ηe

−t

(
a
2
+ e
2

)
cosh(θt)

+

(
λ− η

(
a

2
+
e

2

))
e
−t

(
a
2
+ e
2

)
sinh(θt)

θ

]
(II. 1)

ρ2(t) = V0

[
β1 cos(ωt) + β2 sin(ωt) + κe

−t

(
a
2
+ e
2

)
cosh(θt)

+

(
δ − κ

(
a

2
+
e

2

))
e
−t

(
a
2
+ e
2

)
sinh(θt)

θ

]
(II. 2)
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where, the coefficients are defined as:

α1 = − (ac+ bf)ω2 + ace2 + b2df − abef − bcde

ψ

α2 = −cω
3 + (ce2 − abf + bcd− bef)ω

ψ

β1 = − (cd+ ef)ω2 + bcd2 + a2ef − abdf − acde

ψ

β2 = −fω
3 + (fa2 − acd+ bdf − cde)ω

ψ

η =
(ac+ bf)ω2 + ace2 + dfb2 − abef − bcde

ψ

κ =
(cd+ ef)ω2 + bcd2 + efa2 − abdf − acde

ψ

λ =
(cae− cbd)ω2 + cae3 − cbde2 − fabe2 − fbea2

ψ

+
fadb2 + cabde− cb2d2 + fdeb2

ψ

δ =
(fae− fbd)ω2 + fea3 − fbda2 − cdea2 − cade2

ψ

+
cabd2 + fabde− fb2d2 + cbed2

ψ

θ =

√(a
2
− e

2

)2

+ bd

ψ = ω4 + (a2 + e2 + 2bd)ω2 + (ae− bd)2

In Fig. 6, we showed that the interface charges become zero at
higher frequencies. Here, we perform a limit analysis on time domain
charge equations to prove this fact mathematically; as ω −→ ∞ all
coefficients and hence both ρ1 and ρ2 become zero. It means that
the electrical charges do not have enough time to accumulate at the
interfaces at higher frequencies and therefore, the net charges become
zero.

III. Electrical Contact Conductivity

When the nominal contact pressure is not too high, the electrical
contact conductivity α can be calculated as [20], [40]:

α =
2σ∗p

Y ∗L0
(III. 1)

where, σ∗ and Y ∗ are the effective conductivity and the effective
elastic modulus, respectively. They are defined as:

1

σ∗ =
1

σ1
+

1

σ2
(III. 2)

1

Y ∗ =
1− ν21
Y1

+
1− ν22
Y2

(III. 3)

where, Y and ν are the elastic moduli and Poisson’s ratios of
contacting solids 1 and 2, respectively. According to Persson’s contact
mechanics theory, L0 in Eq. III. 1 is a characteristic length parameter
and since human skin is self-affine fractal, it can be defined as [41]:

L0 ≈
(
2(1−H)

πH

)1/2

hrms

[
r(H)−

(
q0
q1

)H
]

(III. 4)

where,

r(H) =
H

2(1−H)

∫ ∞

1

dx (x− 1)−1/2 x−1/2(1−H) (III. 5)

Here, hrms is the rms amplitude of surface roughness for fingerpad,
H is the Hurst exponent, x is the integration factor, and q0 and q1
are the long-distance roll-off wavevector and the short-distance cut-
off wavevector, respectively.

IV. Persson’s Contact Mechanics Theory

In any contact problem, the surfaces make contact only at a few
points and at higher magnifications of ζ, those points appear to have
partial contact. Hence, multiple levels of magnification are taken into
account in Persson’s contact mechanics theory and the magnification
is defined as ζ = q/q0, where q is the wavevector that varies
from qL (the shortest wavevector) to q1 [21], [22]. In addition, this
theory utilizes the surface roughness power spectrum C(q) as a useful
mathematical tool in characterizing a surface with different length
scales of roughness, which is defined for a self-affine fractal surface
as follows [35], [42]:

C(q) =
H

π

h2
rms

q20

(
q

q0

)−2(1+H)

(IV. 1)

The ratio of the real area to apparent contact area at the magnification
ζ is defined as [33], [34]:

Areal(ζ)

A0
=

1

(πG)1/2

∫ p

0

dσe−σ2/4G = erf

(
p

2G1/2

)
(IV. 2)

where, σ denotes stress and G is:

G(ζ) =
π

4
Y ∗2

∫ ζq0

q0

dq q3C(q) (IV. 3)

Now, we consider u1(ζ) as the average height separating the
surfaces which appear to move out of contact when the magnification
increases from ζ to ζ+∆ζ, where ∆ζ is a small infinitesimal change
in the magnification, and defined:

u1(ζ) = ū(ζ) + ū′(ζ)Areal(ζ)/A
′
real(ζ) (IV. 4)

Here, ū(ζ) is the average interfacial separation in which all the
roughness at the magnification ζ is considered. It is calculated by
Eq. IV. 5, where the term [γ + 3(1 − γ)P 2(q, p′, ζ)] is derived
from a correction factor which is introduced in [43]. Almqvist et al.
[33] suggest that using γ = 0.45 provides good agreement between
experimental and numerical solutions in contact mechanics problems
involving elastic contacts.

ū(ζ) =
√
π

∫ q1

ζq0

dq q2C(q)w(q)∫ ∞

p(ζ)

dp′
1

p′
[
γ + 3 (1− γ)P 2(q, p′, ζ)

]
e−[w(q,ζ)p′/Y ∗]2

(IV. 5)
where, p(ζ) = pA0/Areal(ζ). Defining s(q) = w(q, ζ)/Y ∗ we
have:

P (q, p′, ζ) =
2√
π

∫ s(q)p

0

dxe−x2

(IV. 6)

w(q, ζ) =

(
π

∫ q

ζq0

dq′ q′
3
C(q′)

)−1/2

(IV. 7)

Eventually, the probability distribution of interfacial separations is
defined as:

P (u) ≈ 1

A0

∫ ∞

1

dζ
[
−A′(ζ)

] 1(
2πh2

rms(ζ)
)1/2[

exp

(
− (u− u1(ζ))

2

2h2
rms(ζ)

)
+ exp

(
− (u+ u1(ζ))

2

2h2
rms(ζ)

)]
(IV. 8)

where, the root mean square roughness amplitude for any magnifica-
tion is:

hrms(ζ) =

(
2π

∫ q1

ζq0

dq qC(q)

)1/2

(IV. 9)

Note that the prime sign in the above equations is used to denote the
derivative.
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[39] O. Sirin, A. Barrea, P. Lefèvre, J.-L. Thonnard, and C. Basdogan,

“Fingerpad contact evolution under electrovibration,” Journal of
the Royal Society Interface, vol. 16, no. 156, p. 20 190 166, 2019.

[40] J. Barber, “Bounds on the electrical resistance between contacting
elastic rough bodies,” Proceedings of the Royal Society of Lon-
don. Series A: Mathematical, Physical and Engineering Sciences,
vol. 459, pp. 53–66, 2029 2003.

[41] B. Persson, B. Lorenz, and A. Volokitin, “Heat transfer between
elastic solids with randomly rough surfaces,” The European Phys-
ical Journal E, vol. 31, no. 1, pp. 3–24, 2010.



IEEE TRANSACTIONS ON HAPTICS 12

[42] B. J. Persson, “On the fractal dimension of rough surfaces,”
Tribology Letters, vol. 54, no. 1, pp. 99–106, 2014.

[43] ——, “On the elastic energy and stress correlation in the contact
between elastic solids with randomly rough surfaces,” Journal of
Physics: Condensed Matter, vol. 20, no. 31, p. 312 001, 2008.

Easa AliAbbasi is a Ph.D. candidate in Compu-
tational Sciences and Engineering Program of Koc
University in Istanbul, Turkey. He received his B.Sc.
degree in electrical and electronics engineering in
2014 and M.Sc. degree in mechatronics engineering
from University of Tabriz in 2017. His research
interests are haptics, mechatronics, physics-based
modeling, and MEMS.

MReza Alipour Sormoli received the B.Sc. de-
gree from University of Tabriz in 2014, M.Sc.
degree from the Amirkabir University of Technol-
ogy (Tehran Polytechnic) in 2017, and is currently
working toward the Ph.D. degree in Mechanical
Engineering. His research interests include robotics,
mechatronics, control and dynamics.

Cagatay Basdogan received the Ph.D. degree in
mechanical engineering from Southern Methodist
University, in 1994. He is a faculty member both
in the mechanical engineering and the computa-
tional sciences and engineering programs at Koc
University, Istanbul, Turkey. He is also the direc-
tor of the Robotics and Mechatronics Laboratory,
Koc University. Before joining Koc University, he
worked at NASA-JPL/Caltech, MIT, and Northwest-
ern University Research Park. His research interests
include haptic interfaces, robotics, mechatronics,

biomechanics, medical simulation, computer graphics, and multi-modal virtual
environments. He served on the editorial boards of the IEEE Transactions on
Haptics and IEEE Transactions on Mechatronics and currently serves on the
editorial boards of Presence: Teleoperators and Virtual Environments, and
Computer Animation and Virtual Worlds journals. In addition to serving in
programme and organizational committees of several haptics conferences, he
chaired the IEEE World Haptics Conference in 2011.


