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The understanding and control of human skin contact against
technological substrates is the key aspect behind the design of
several electromechanical devices. Among these, surface haptic
displays that modulate the friction between the human finger
and touch surface are emerging as user interfaces. One such
modulation can be achieved by applying an alternating voltage
to the conducting layer of a capacitive touchscreen to control
electroadhesion between its surface and the finger pad. However, the nature of the contact interactions between the fingertip
and the touchscreen under electroadhesion and the effects of
confined material properties, such as layering and inelastic deformation of the stratum corneum, on the friction force are not
completely understood yet. Here, we use a mean field theory
based on multiscale contact mechanics to investigate the effect
of electroadhesion on sliding friction and the dependency of the
finger–touchscreen interaction on the applied voltage and other
physical parameters. We present experimental results on how
the friction between a finger and a touchscreen depends on
the electrostatic attraction between them. The proposed model
is successfully validated against full-scale (but computationally
demanding) contact mechanics simulations and the experimental
data. Our study shows that electroadhesion causes an increase
in the real contact area at the microscopic level, leading to an
increase in the electrovibrating tangential frictional force. We find
that it should be possible to further augment the friction force,
and thus the human tactile sensing, by using a thinner insulating
film on the touchscreen than used in current devices.

the physics behind this bioelectromechanical interaction can provide the step forward into the development of this technology
not only for online shopping, education, gaming, and data visualization but also for rehabilitative medicine and user interface
development for blind people.
Nowadays, electric capacitive displays have become one of
the most essential parts of smartphones, tablets, and notebooks.
These screens detect the finger position and help the user
interact with text, pictures, and other digital information. One
important effort to make this interaction more effective is to display tactile feedback to the user through the use of electrostatic
forces to increase the physicality of touch interaction and/or to
improve haptic perception (9–14). When an alternating electric
potential is applied to the conductive layer of a surface capacitive
touchscreen, the insulating layer on the glass plate and the finger
are polarized by induction. Thus, an electrostatic attraction force
is generated between the finger and the counter surface, which
increases the sliding friction between them. This phenomenon
was referred to as “electrovibration” by Grimnes (15), who also
reported that the perceived tactile sensation depends on the
roughness and moisture of the finger.
In Fig. 1, we schematically show the physical processes and
related length scales leading to tactile sensing in the contact
between finger and electrostatically actuated touchscreen. The
skin shows graded mechanobiological properties with specific
nerve receptors placed at specific depths from the outermost surface (Fig. 1B). The latter is characterized by the stratum corneum
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Significance
The technology for generating tactile feedback on a touchscreen via electroadhesion is already available—and straightforward to implement—but the knowledge on human skin
contact mechanics is limited. To better understand the contact
mechanism between the finger pad and touchscreen under
electroadhesion, we investigated the sliding friction as a function of normal force and voltage using (i) a mean field theory
based on multiscale contact mechanics, (ii) a full-scale computational contact mechanics study, and (iii) experiments performed on a custom-made tribometer. We show that the real
contact area and the electroadhesion force depend strongly
on the skin surface roughness and on the nature of the
touchscreen coating. Thus, by reducing the effective thickness of the latter, the human tactile sensing can be drastically
enhanced.

S

liding friction depends sensitively on the nature of the materials involved, in particular at the sliding interface where the
surface topography, contamination films, and the atomic and
molecular nature of the contacting surfaces strongly influence
the friction. However, the sliding friction also depends on external conditions such as temperature and the humidity and on
mechanical vibrations and electric fields. For example, it has
been shown that ultrasonic vibrations act to reduce friction—for
example, between the finger and a counter surface (1). Similarly,
an applied electric potential between two solids often results in
the accumulation of charges of opposite sign on the contacting
surfaces. This results in an electrostatic attraction, denoted “electroadhesion,” which adds to the external load (squeezing-force)
and increases the sliding friction force.
The electrical attraction between a charged surface and human
skin was discovered by Johnsen and Rahbek (2) in 1923. Later, in
1953, Mallinckrodt (3) reported an increase in the friction during
touch when an alternating voltage is applied to an insulated aluminum plate. This effect is now intensively studied for grippers
in the areas of industrial and surgical robotics (4–6) and also in
the context of touchscreen applications where one is interested
in modulating the friction between the human finger and the
touchscreen to display haptic feedback to the user for augmented
or alternative sensorial experience (7, 8). Hence, understanding
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Fig. 1. (A) Physical processes and related length scales leading to tactile sensing during contact between finger and touchscreen under electroadhesion.
(B) Schematic of the layered structure of the generic human skin with indication of the relevant biological clues and nerve receptors. (C) The surface
roughness PSD as a function of the wavenumber (log–log scale) calculated from the skin surface topography reported in refs. 16 and 17. The PSD has the
rms roughness amplitude 22 µm and the rms slope 0.91. The linear region for q > 4 × 105 m−1 corresponds to a Hurst exponent H = 0.86. The 3D surface
roughness corresponds to a realization of the PSD. (D, Left) Cross-section image of a capacitive touchscreen (model SCT-3250, 3M) obtained by field emission
scanning electron microscopy (FESEM, Zeiss Ultra Plus). (Right) The same image is reported with an improved contrast to highlight the different layers of
the cross-section: an electric insulator layer (SiO2 ) with a thickness of ≈ 1 µm, an electric conducting layer (ITO) with a thickness of ≈ 250 nm, and glass
substrate.

(SC), which consists of corneocytes (dead cells) with high keratin
content embedded in a lipid medium. The SC is characterized
by a peculiar papillary ridge patterning and at shorter length
scales (higher magnification) by a random surface roughness (16,
17), whose spectral characteristics and 3D roughness map [corresponding to a realization of the power spectral density (PSD)]
are shown in Fig. 1C. The touchscreen cross-section is also a layered structure with an electric insulator layer (SiO2 ) on top of an
electric conducting layer (ITO), the latter bonded onto a glass
substrate (Fig. 1D).
In this paper, we present a theoretical model, supported by
experiments, for the prediction of the friction force resulting
from the electrostatic attraction between finger and touchscreen.
The dependency of the finger/touchscreen interaction on the
applied voltage, as well as on the applied finger load, is modeled
using a mean field contact mechanics theory, whose stochastic
formulation is validated against the results of Boundary Element Method (BEM, summarized in SI Appendix) simulations.
The predictions made by the theory are then compared with the
experimental data collected by a custom-made tribometer, able
to acquire both the normal and tangential finger–touchscreen
interaction forces during sliding. In the experiments, the electroadhesion forces are modulated by changing the magnitude
of alternating voltage applied to the touchscreen. Finally, a discussion on the origin and enhancement of the friction due to
electroadhesion is provided, along with the corresponding design
criteria.
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Results
Mean Field Contact Mechanics. The skin–touchscreen interaction

has a multiscale nature, as schematically described in Fig. 1. In
particular, the electromechanical layering properties of the interface have been approximated with the schema reported in Fig.
2 A, 1. In general, the SC behaves as a nonlinear viscoelastic
solid. In the dry state, it deforms in a nearly irreversible manner
when the contact pressure becomes high enough. Thus, it can be
approximated by an elastoplastic model with the Youngs modulus E ≈ 1 GPa and the penetration harness σY ≈ 50 MPa. In
the wet state, the elastic modulus is very low (of order 10 MPa),
resulting in much smaller contact pressures, and the SC can be
described as an elastic (or viscoelastic) solid.
Consider two conducting solids with insulating surface layers
of thickness d1 and d2 (respectively, for the touchscreen insulating layer and SC) and relative dielectric constants 1 and 2 .
Both solids have nominally flat surfaces, but one surface (namely
that of the SC) has multiscale surface roughness. We define
the effective thickness of the insulating layer as h0 = d1 /1 +
d2 /2 . An electric voltage difference V exists between the two
conducting solids, which make random atomic contacts over a
fraction A/A0 of the nominal contact area A0 (in the schematic
A = 0). Thus, the interface separation distance u = u(x ,y),
which depends on the lateral coordinate (x ,y), is a random
process.
The contact area measured at macroscale (nominal contact
area) is not a good estimation of the true contact interface
Ayyildiz et al.
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Fig. 2. Skin–touchscreen mean field model properties and validation against the predictions of BEM simulations. (A) Adopted microcontact model: an
elastic solid with surface roughness above a rigid solid with a flat surface (1) and the PSD used for the comparison of the models (2). An electric voltage
difference V occurs between the two conducting solids. (B) BEM-predicted roughness upon contact, with a magnified view of the surface and representation
of the contact domain. The rough contact is simulated with 16 divisions at the small roughness wavelength. (C) BEM-predicted skin microcontact map, with
magnified view of the map and indication of the contact domain. The black and red contour lines show the electroadhesive iso-stress curves around the true
contact areas (hrms is the rms surface roughness). (D) Comparison between the normalized contact area as a function of the contact pressure, at different
values of applied voltage difference across the interface.

between fingertip and a smooth countersurface (18). Hence, a
multiscale contact mechanics theory considering the finger surface properties at different length scales must be implemented
to better understand the mechanics of the electroadhesion phenomenon. In this study, a mean field theory taking into account
the surface roughness, surface plasticity, and finger layering (see
Materials and Methods) is validated against deterministic contact electromechanics simulations for dry skin performed by
BEM (19). Fig. 2 A, 2 shows the roughness PSD used in the
comparison, whereas the remaining electromechanics parameters are reported in Fig. 2D. The contact setup is the same as
in Fig. 2 A, 1. Fig. 2B shows, for one roughness realization,
the BEM-predicted finger roughness upon reaching a normalized contact area of A/A0 ≈ 10−3 , with a magnified view of the
surface (and its contact spot). In Fig. 2C, we report the BEMpredicted skin microcontact map (white is for noncontact), with
a magnified view of the map. In the magnification, the black
and red contour lines show the complex patterns produced by
the electroadhesive iso-stress curves around the true contact
areas, revealing that an important contribution to electroadhesion, which is more effective in the contact domains (where
interface separation is zero), is definitely provided by noncontact areas as well. Finally, in Fig. 2D, we report the normalized
contact area A/A0 as a function of the contact pressure p0 for
different values of applied voltage difference across the interface. The markers are the outputs of the BEM simulations for
two realizations of the PSD given in Fig. 2 A, 2, whereas the solid
lines are the outputs of the mean field theory. The comparison
has been limited to a range of normalized contact areas that is of
interest for the application. We observe a very good agreement
between the results of the stochastic and deterministic contact
models.
Ayyildiz et al.

Comparison with Experiments. In Fig. 3A, we show the schematic

of the experimental setup. We found that the apparent contact
area A0 depends weakly on the normal force, where in our experiments the nominal contact pressure p0 = FN /A0 varies between
3 kPa and 20 kPa. We report the typical friction force measured
in our setup as a function of time in Fig. 3B. The green line
is obtained by an oscillating electric potential φ = V0 cos(ω0 t)
[with V0 = 200 V and f0 = ω0 /(2π) = 125 Hz] applied to the
touchscreen. The blue line is for the case without the applied
electric potential. The normal force applied by the finger is FN =
1 N in both cases. We note that (in the green curve) the main
frequency of the friction signal is 250 Hz, exactly twice the frequency of the applied electric potential, as expected from the
theory (see Eq. 1). In Fig. 3C, we compare the friction coefficient estimated from the experimental data (markers) with the
one predicted by theory (solid lines). The kink in the calculated
black curve (V0 = 200 V curve) is due to the approximate way
we include finite-size effects. In the calculation, we used the SC
Young’s modulus E = 40 MPa, corresponding to semiwet skin.
The frictional shear stress τf , used to obtain the friction force
from Ff = Aτf , was adjusted to obtain the best agreement with
the measured data, and the used value τf = 8 MPa is similar to
τf = 13 MPa in the dry state and τf = 5 MPa in the wet state,
reported in ref. 17 (see also refs. 16 and 20). We observe that
the frictional shear stress τf is usually independent of the asperity contact pressure p ∗ = pA0 /A as long as p ∗ is less than a few
megapascals. As an example, which is of interest for robotic or
surgical grippers, for silicone rubber (polydimethylsiloxane) sliding (in complete contact) on a smooth glass surface at the sliding
speed v ≈ 1 mm/s, experiments have shown that τf ≈ 0.1 MPa
(21). At the same sliding speed, for other types of rubber (22,
23) τf ≈ 1 − 10 MPa. This is also similar to what is observed for
PNAS Latest Articles | 3 of 6
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Fig. 3. Experimental and theoretical results. (A) Schematic of the experimental setup for measuring the force responses of the index finger in the normal
and tangential directions, when subjected to a relative sliding motion with respect to the touchscreen. (B) Measured friction force Ff as a function of
time. The green colored response was obtained by applying an oscillating electric potential to the touchscreen φ = V0 cos(ω0 t) [where V0 = 200 V and
f0 = ω0 /(2π) = 125 Hz]. (C) The friction coefficient µ obtained from the theory (solid lines) and the experiments (markers) as a function of the applied
normal force FN . The amplitude of the voltage applied to the touchscreen is varied between 0 V (red) and 200 V (black), with an increment of 50 V, at
125 Hz. The relative sliding speed in the experiments was 50 mm/s. In the calculations, we used ESC = 40 MPa, d = 200 µm, Ebulk = 10 kPa, and h0 = 0.2 µm.
(D) The normalized contact area A/A0 as a function of the applied voltage V and the thickness of the effective insulating layer h0 = d1 /1 + d2 /2 . The
applied pressure is p0 = 10 kPa.

plastics (polymers below the glass transition temperature) (24)
and also as expected from molecular dynamics calculations (25).
Note that the friction coefficient increases when the applied
normal force decreases, as is typical when adhesion is important.
Note also that a small increase in the friction coefficient is also
observed when the applied voltage is turned off. This has been
observed also in earlier studies (26) and must be due to some
additional adhesion process—for example, due to the van der
Waals interaction—or due to capillary bridges formed by water
or from oil on the fingers (27).
Finally, Fig. 3D shows the influence of the thickness of the
effective insulating layer h0 on the normalized contact area A/A0
as a function of the applied voltage V . Note that h0 = d1 /1 +
d2 /2 , however its value is mainly determined by the thickness
of the touchscreen insulating layer. In the figure, the Young’s
modulus of the SC is ESC = 100 MPa, and the applied pressure is p0 = 10 kPa. The results suggest that the thickness of the
touchscreen insulating layer has a large impact on the normalized
contact area and thus on the magnitude of the electroadhesive
friction.
Discussion
The Effect of Electrovibration Frequency on Electoadhesion Force.

Let us discuss how the frequency, ω, of the oscillating electric
potential influences the electroadhesion force. Yamamoto and
Yamamoto (28) have shown that SC has a finite electric conductivity. Thus, if the frequency is very small, charges can drift
through the SC and to its outer surface. The theory described
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1811750115

above is still valid in this limiting case: If ω is very small, the
dielectric function of the SC is very large, and in fact 2 (ω) → ∞
as ω → 0. It follows that as ω → 0, we have d2 /2 → 0, as if the
insulating SC layer would not exist at all. This results in a shorter
separation between the positive and negative charge distributions, and in order for the applied voltage to stay constant, the
electric field in the air gap must increase. Clearly, in this case, the
electroadhesion force would be maximal. The upper solid line
in Fig. 4 shows the calculated dependency of the contact area
on the frequency f = ω/(2π) of the oscillating electric potential φ = V0 cos(ωt). The ratio Aon /Aoff between the real contact
area with electroadhesion to that without electroadhesion was
obtained using Eq. 3 with the dielectric function 2 (ω) of the SC
given by Eq. 4 with SC (ω) and ρSC (ω) from ref. 28. We have
used the normal force FN = 0.5 N and V0 = 100 V, d1 = 1 µm,
d2 = 200 µm, and 1 = 8. At low frequencies, the charge on the
skin surface can drift out on the touchscreen. This effect depends
on the surface and bulk electric conductivity of the touchscreen
and on liquids (e.g., oil and sweat), which may occur in some
fraction of the noncontact area. To take this into account, we
also show calculated results in Fig. 4 where we assume the airgap
is filled with a material with the resistivity ρ equal to 105 , 106 ,
and 107 Ω m.
If we assume that the friction force is proportional to
the area of real contact, then the ratio Aon /Aoff equals the
ratio µon /µoff between the friction coefficient with electroadhesion to that without electroadhesion. The diamond symbols in Fig. 4 are experimental data for the ratio µon /µoff .
Ayyildiz et al.

Fig. 4. (Solid lines) The calculated dependency of the contact area on the
frequency f = ω/(2π) of the oscillating electric potential φ = V0 cos(ωt). The
Aon /Aoff is the ratio of the real contact area with electroadhesion to that
without electroadhesion. The diamond symbols are the measured data for
the ratio of friction coefficients with and without electroadhesion, µon /µoff .
See the first section in Discussion for details.

Note that similar experimental results were also obtained by
Meyer et al. (9).
Tactile Perception of Elecrovibration. One interesting observation

is that the electroadhesion between a finger and a touchscreen
can be felt only indirectly as a change (increase) in the sliding
friction force when an alternating voltage is applied to the touchscreen (also called electrovibration). That is, when a stationary
finger is pushed against the touchscreen displaying electrostatic
forces, the electrovibration cannot be perceived. The reason for
this is the difference in the finger deformations between the conditions when the voltage is off and on and, accordingly, about the
mechanoreceptors stimulated when the finger is stationary and
moving.
For stationary contact, most of the electrovibration-induced
deformations of the skin is localized to the SC. Hence, no
mechanoreceptors experience stress to simulate the spiking
response to convey information through nerve fibers to the brain.
For sliding contact, instead, the additional friction force due to
electroadhesion will result in a fluctuating shear deformation of
the finger. Hence, the Pacinian corpuscles (FA II receptors),
which are most sensitive to vibrations at 250 Hz (main frequency
of the friction signal was 250 Hz; see Fig. 3B), will be deformed
and emit neural signals (29). The discussions made by Vardar
et al. (14) are in agreement with our arguments given above
where they suggested that the Pacinian corpuscle is the primary
mechanoreceptor responsible for the detection of the electrovibration stimuli. This is in line also with the study of Scheibert et
al. (30), which emphasizes the role of fingerprints in stimulating
the Pacinian receptors.
Limitations of the Study. In this study, we have assumed that

the only attraction between the finger and the touchscreen is
the electrostatic force due to the applied potential. In reality,
there will always be other attractive interactions between two
contacting solids; for example, the van der Waals interaction
will operate between all solids, and capillary bridges can be very
important for the human skin. Furthermore, we have neglected
electrical breakdown across the narrow gap between the contacting solids (31). When a large electric potential is applied between
narrowly separated surfaces, a very large electric field can prevail, in particular close to high and sharp asperities. If the local
electric field becomes larger than some critical value, breakdown
occurs. For gap separations that are typical in many applications
Ayyildiz et al.

Conclusion
We proposed a mean field theory based on multiscale contact
mechanics to analyze the effect of electroadhesion on sliding friction. We performed experiments to measure how the friction
between a finger and a touchscreen changes with the applied
contact pressure and voltage under electroadhesion. We validated the proposed theory against the results of full-scale contact
mechanics simulations and the experimental data. The proposed
theory showed that electroadhesion produces an increase in real
contact area, resulting in an increase in tangential frictional
force. Also, we found that to further augment the friction force,
and thus the human tactile sensing, a thinner insulating film
could be used on the touchscreens. Finally, we explained the
reason why haptic effects are not perceived when the finger is
stationary but only when it is moving.
Materials and Methods
Electrostatic Attraction. In our model, we consider a contact between randomly rough soft solid and a rigid solid with a flat surface (Fig. 2 A, 1), with
an electric potential φ(t) = V0 cos ω0 t applied between the solids. This will
give rise to an electric field in the air gap between the solids, resulting in
an attractive force, which can be calculated from the zz component of the
Maxwell stress tensor. Hence, the normal stress averaged over the surface
roughness is (32)
hσzz i =

1
2
0 V0
4

∞

Z

du P(p, u)

1 + cos(2ω0 t + 2φ)

0

|u + h0 (ω0 )|2

,

[1]

where P(p, u) is the probability distribution of interfacial separation u, which
depends on the squeezing pressure p. We assume that the noncontact
region, which is filled by air, is a vacuum because the dielectric constant of
air (air ≈ 1.00059) is nearly the same as that of vacuum ( = 1, with absolute
permettivity 0 ).
Assume that we squeeze the upper solid against the substrate with a
normal force FN . When an electric potential is applied between the solids,
there will be an additional electric force acting on the solids. In the simplest
approach, one includes the electric attraction pa = hσzz i as a contribution to the external load. Thus, we write the nominal effective squeezing
pressure as
p = p0 + pa ,

[2]

where p0 = FN /A0 is the applied pressure. Intuitively, one expects this
approach to be accurate when the interaction force between the surfaces is
long-range. For example, a similar approach has been successfully used for
investigating the attraction resulting from capillary bridges (27) (see also
ref. 19).
To calculate pa = hσzz i, we need to know the probability distribution
P(p, u). For randomly rough surfaces, the function P(p, u) has been calculated using the theory of ref. 33. Using Eqs. 1 and 2, the time (and space)
averaged pressure becomes, after manipulation
2

V0 = R ∞
0

4(p − p0 )/0
du P(p, u)|u + h0 |−2

,

[3]

from which one easily calculates V0 as a function of p.
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(≈ 1 µm or less), the breakdown voltage is typically a few hundred volts. The relative importance of these additional effects
will be evaluated in a future study.
The theory presented above focuses on the change in the contact area due to electroadhesion. It is true that the nominal (or
apparent) contact area changes significantly (it decreases) with
increasing tangential force, which we attribute to a large-strain
nonlinear effect, but one expects from theory that the real contact area is nearly independent of the apparent contact area if
the applied normal force is constant (and not too high). It is
also known that the true contact area may decrease at the onset
of sliding, but this is mainly the case when the surface roughness occurs on the harder surface and where the asperity contact
regions renew during sliding. In any case, these “higher order”
effects are not covered by our model.

The dielectric function of the SC, which enters in Eq. 3 via h0 = d1 /1 +
d2 /2 , can be written as
2 (ω) = SC +

i
,
ω0 ρSC

[4]

where SC and ρSC are both real quantities depending on the frequency ω.
They have been measured for the human SC in a large frequency range by
Yamamoto and Yamamoto (28).
Experiments. The main components of our skin tribometer include a hightorque step motor (moving a slide on a power screw) and a force sensor
attached to the base of the touchscreen (SCT-3250, 3M), as shown in Fig. 3
A, 1. The step motor (MDrive23Plus, Intelligent Motion Systems, Inc.) was
programed to translate the slider with an alternative horizontal motion at
the desired sliding velocity. The experimenter’s hand was placed on the
slider such that the phalanges of index finger were aligned to make an
angle of approximately 30◦ with the touchscreen, and the tip of the index
finger was always in contact with the touchscreen during the sliding. A
sinusoidal voltage signal with amplitudes in the range of 50 V to 200 V
at 125 Hz was applied to the touchscreen. As the experimenter’s finger
was moving on the touchscreen, the force response was measured using
a force transducer (Nano 17, ATI Industrial Automation, Inc.). The normal
and tangential forces were acquired by a 16-bit analog data acquisition
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