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How to Measure the Area of Real Contact of
Skin on Glass

Nicolas Huloux ™, Laurence Willemet

Abstract—The contact between the fingertip and an object is
formed by a collection of micro-scale junctions, which collectively
constitute the real contact area. This real area of contact is only a
fraction of the apparent area of contact and is directly linked to the
frictional strength of the contact (i.e., the lateral force at which the
finger starts sliding). As a consequence, a measure of this area of real
contact can help probe into the mechanism behind the friction of
skin on glass. In this article, we present two methods to measure the
variations of contact area; one that improves upon a tried-and-true
fingertip imaging technique to provide ground truth, and the other
that relies on the absorption and reflection of acoustic energy. To
achieve precise measurements, the ultrasonic method exploits a
recently developed model of the interaction that incorporates the
non-linearity of squeeze film levitation. The two methods are in good
agreement (p = 0.94) over a large range of normal forces and
vibration amplitudes. Since the real area of contact fundamentally
underlies fingertip friction, the methods described in the article have
importance for studying human grasping, understanding friction
perception, and controlling surface-haptic devices.

Index Terms—Biomechanics, tactile devices, sensors, acoustic
waves, contact imaging.

I. INTRODUCTION

FRICTION underpins most tactile interactions. It is neces-
sary for grasping objects [1] and its variation during tac-
tile exploration helps distinguish material properties [2]-[4].
The exquisite sensitivity to change of friction has not escaped
the notice of engineers. Consequently, they have developed
surface-haptic interfaces which rely on the real-time modula-
tion of friction to create convincing sensations of texture
[5]-[7], shape [8], and even stickiness [9].

At a macroscopic scale, the frictional strength of a con-
tact is typically found from the lateral force at which rela-
tive motion occurs [10]. But even when no tangential force
is exerted, this frictional strength is present, since the inti-
mate contact of skin on the surface holds a potential for
adhesion. There is evidence that the somatosensory system
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recognizes the frictional strength at the early stages of con-
tact [11]. Therefore, being able to measure the frictional
strength without sliding can lead to a better understanding
of human sensory mechanisms as well as offer a new out-
look for controlling surface haptics.

At the microscopic scale, the contact between the skin and
an atomically-flat surface is made by a collection of individual
junctions of a micrometer-scale area. The sum of the areas of
all junctions constitutes the real area of contact [12]. An
increase in normal force will create more junctions, each of
which will have a larger area. Each of these junctions can
carry a certain amount of shear stress 7y before local sliding
can occur, and therefore the friction force can be found to
be linearly related to the real area of contact such that
ft =T AR.

This linear dependence is observed for a large set of materi-
als including rubbery and biological materials [13]-[15].
Thus, a powerful method to estimate the frictional resistance
of a contact, even before the fingertip starts sliding, is to mea-
sure an approximation of the real contact area directly.

An accurate measurement of the real area of contact can be
found by optical means in the case of biological materials
such as glabrous skin. As a testament to their efficacy, the
measurements reported by these methods correlate with fric-
tion force confirming the adhesive theory of friction even in
the case of soft materials [15], [16]. One of the major draw-
backs of optical methods, however, is their reliance on bulky
optical components and computationally-expensive image
processing.

As an alternative to optical means, absorption and reflection
of acoustic waves can also provide a measure of the real area
of contact in rigid and soft materials [17]-[20]. To the best of
our knowledge, these methods have not been applied to the
contact with a fingertip. We recently showed that ultrasonic
waves created to modulate friction on a surface haptics device,
reduce the size and the number of junctions and by extension
the real area of contact [15], [21]. The vibration of the plate
creates a levitation pressure, thereby reducing the number of
asperities in contact. During this process, a portion of the
acoustic energy is transferred to the fingertip [21], [22]. Upon
a change in normal force or actuation force, we observe that
both the contact and the impedance are affected, see Fig. 1.
Here, we hypothesize that the ultrasonic impedance can be
used to measure an approximation of the area of real contact,
without fingertip slippage and provide a surrogate measure of
the frictional strength of the contact.
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Fig. 1. Illustration of the simultaneous variation of real contact area optically

estimated and of the plate impedance for two normal forces and two ultrasonic
levitation magnitudes. Low normal forces produce small values of the real and
the apparent contact area. Only the real contact area is affected by ultrasonic
levitation. The admittance plots illustrate the attenuation of the plate vibration
caused by the presence of a fingertip. High actuation forces induce a levitation
of the skin, which reduces the amount of attenuation provided by the skin.

To test this hypothesis, we developed a dedicated apparatus
to simultaneously measure the area of real contact and the
ultrasonic impedance. The two variables correlate strongly for
every subject (Pearson correlation coefficient p = 0.94), con-
firming the hypothesis. We discuss the implications of such
measurement for precisely controlling friction on surface hap-
tic interfaces, even before the finger starts sliding.

II. HOw TO MEASURE REAL AREA OF CONTACT
FrROM IMAGES

A. Self-Similar Model and Physical Real Area

The height profile of the skin approximately follows a self-
affine fractal [23]. Similar roughness patterns can be observed
at different magnifications. As a consequence, it is relevant to
understand the physics behind the contact area measurement
of the rough skin on an atomically flat glass surface using
multi-scale theory [12].

The theory notes that when pressing a randomly rough sur-
face onto another, the contact exists only between the highest
asperities, forming distinct junctions between the two surfa-
ces. However, if one magnifies the view to only one junction,
it appears that it refines in a multitude of smaller junctions.
Magnifying even more would reveal another set of even
smaller junctions, and so on. This process can theoretically
continue to infinity, at which point the real area of contact dis-
appears. A similar paradox is famously found when measuring
the length of the coast of Britain with an increasingly smaller
measurement quantum [24].

However, the decrease in the real area of contact for
increasing magnification stops at a certain cut-off. One of the
reasons, relevant in the case of the skin, is that for a given nor-
mal force, the interfacial stress increases with increasing mag-
nification until it reaches the yield stress of the material. At
that point, the asperities deform plastically, and the local con-
tact is total at that scale. Estimates place the ultimate size of a
junction for dry skin in the 1 to 10 pm range [16], [25].
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Fig. 2. a) Imaging apparatus used to measure an estimate of the real contact
area. A light source shines perpendicularly to the glass plate. At the boundary
between glass and air, four percent of the light reflects in parallel to the inci-
dent beam. The presence of the skin scatters the incident light rays, creating a
darker area on the reflected image, which is then captured by the camera via a
beam splitter. b) Each pixel collects a number of photons inversely propor-
tional to the number of microscopic asperities in contact with the plate. This
quantity is then converted into grayscale by the camera. ¢) To recover an
approximation of the real contact area, we divided pixel-wise the fingertip
image by the illumination image which was corrected for the non-uniform
lighting. The brightness of the inverse of the resulting image is a direct mea-
sure of the optical area of contact.

Optical methods have a resolution limited by the half-wave-
length of light (= 300 nm in our case). They are therefore ideal
to image in sufficient detail the physical real area of contact
made by the plasticized junction. In this work, images provide
ground truth for alternative methods such as the ultrasonic one.

B. Separating Asperities From Background With Frustrated
Reflection

Two optical methods separate junctions from the back-
ground by using the principle of frustrated reflection. When an
incident light ray is reflected at the interface between glass and
air, either totally [15], [26]-[28] or partially [16], [29], [30], an
electromagnetic wave field is present on the opposite side of
the interface. This transmitted wave field can either be evanes-
cent in the case of a total internal reflection (i.e., if the incident
beam is at a shallow angle with the surface) or a plane wave in
the case of an orthogonal reflection (i.e., when the incident
beam is exactly perpendicular to the surface). When the asperi-
ties of the skin couple with the transmitted wave field, the
reflected light is absorbed and scattered. This scattering creates
darker regions in the reflected image and provides a highly con-
trasted image of the individual asperities in intimate contact.

Here, we use the coaxial method, leveraging an illumination
orthogonal to the surface. The illumination setup is illustrated
Fig. 2 a, and the influence of the skin on the reflection is illus-
trated Fig. 2 b. The resulting images can be seen in Fig. 2 c,
with and without the presence of a fingertip.

C. Imager Quantization

The reflected image highlighting the region where no asper-
ities are in contact and darkening the region of intimate
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contact is sampled with a camera. During this process, the
number of photons collected on each pixel is inversely corre-
lated to the number of asperities present in the region imaged
by the pixel. If the exposure of the camera is fixed, the bright-
ness field corresponds to an inverse image of the density of
junctions resolved at a length scale comparable to the half-
wavelength of light. Darker areas represent a higher density of
asperities in intimate contact.

To capture this reflected image, the camera sensor discre-
tizes the number of photons collected during the exposure.
The darker areas receive fewer photons and lead to a lower
value of the pixels. Conversely, the areas that do not face any
finger asperities receive the maximum number of photons per
unit area. Therefore, we can set the exposure such that this
maximum number of photons induces a value of the pixel that
reaches the top of the dynamic range.

D. Reflectance as a Measure of the Contact Area

From the high-contrast image, it is possible to recover a
value that is proportional to the area of real contact at half-
wavelength of light lengthscale. The principle is described in
figure 2 ¢ and d. First, consider the image without a fingertip,
which might have a non-uniform illumination. The resulting
background image [, corresponds to the dynamic range of
each pixel. To normalize the illumination on every subsequent
image of the contact Iy, we use a pixel-to-pixel division of the
image by the background image. Once this is done, the nor-
malized image is inverted to find the estimate of the light
absorbed by the contact I, such that:

I,=1—1;/I, (1

The contact area is therefore found by summing the brightness
of every pixel of the absorption image I,,.

The absorbed-light method provides a granular measure-
ment of the fractal real contact area, with a theoretical resolu-
tion at the wavelength of the incident light, which is in the
order of 300 nm. The resolution is orders of magnitude better
than a simple thresholding and pixel-counting procedure, used
n [16], [31] for instance. The reason is that thresholding pla-
ces the effective resolution at the size of a pixel, which is in
the order of tens of micrometers. Finally, the optical estima-
tion of the real area of contact A? is calibrated using a mea-
surement of the apparent area of contact, A4, expressed in
mm, knowing that the real and apparent area are identical in
the hypothetical case that the contact is total.

III. How TO MEASURE REAL AREA OF CONTACT FROM
MECHANICAL IMPEDANCE

The amount of skin in contact has a dramatic effect on the
absorption and scattering of ultrasonic waves. A plate that
vibrates at ultrasonic frequencies with amplitude up to several
micrometers when no load is present, can see its amplitude
decay by 90% of its value when a finger touches it [32]. Given
that the piezoelectric actuator provides the same harmonic
force with or without the presence of a finger, a decrease in

vibration amplitude signifies that the impedance of the plate-
finger system is higher than the one of the plate itself. We pre-
viously showed that the variation of the system impedance
can predict the friction force of a sliding finger [21]. Since the
friction force is directly dependent on the real area of contact,
could it be that the variations of impedance reflect the amount
of contact between the skin and the plate?

One of the key insights is to consider the variation of the
impedance of the plate-finger system to be caused by
the impedance of the tissues, denoted Z;, and a locally linear
impedance coupling the dynamics of the plate to the dynamics
of the skin, denoted Z.. Despite the presence of a highly non-
linear levitation process, the system impedance has a surpris-
ingly low harmonic content and is invariant with time in the
normal operation of the device [21]. Based on the experimental
evidence, we can safely assume that the impedance Z. is a
locally linear-time-invariant system, at least for a given ampli-
tude of vibration, a given normal force, and a given frequency.

However, the value of this coupling impedance is not fixed
and varies with the normal force and the amplitude of the
ultrasonic vibration. This dependence stems from the squeeze-
film levitation that is created at the interface, which levitates
the skin thereby reducing the acoustic transmissivity of the
interface.

A. Finding the Contact Impedance

The ultrasonic plate is excited by piezoelectric actuators
glued to its surface. Close to the resonant frequency, the
dynamics resemble a linear mass-spring-damper system
excited with a harmonic force f,, which is directly propor-
tional to the voltage applied to the electrodes of piezoelectric
elements. The proportionality factor is found by fitting a sec-
ond-order model to the measured frequency response of the
unloaded plate, using the mass of the glass plate to find the
proper scale, see [33] for complete derivation. This force
causes the plate and everything in contact with it, to oscillate
into a harmonic motion of instantaneous velocity v,. The
impedance is defined by the complex-valued ratio of the force
over the velocity. In the case of the finger contacting the plate,
however, the dynamic system is slightly more complex and
involves multiple lumped impedances: one for the plate Z,,
one for the skin tissues Z; and one for the interface Z.. A free-
body diagram of the model can be found in figure 3 a.

Knowing the plate impedance, by assuming a second-order
dynamics around the resonant frequency, and the impedance
of the tissues, we can measure the contact impedance by not-
ing that:

Up Zt Zc

Ty =L =7, +—2¢
fa b Zf, + Zc

2

The measured impedance Z,, is the sum of the plate imped-
ance and the parallel association of the contact impedance and
the tissues impedance. We assume that the plate impedance is
constant during one interaction. The impedance of the tissues
Z; is estimated offline for every subject from the trials where
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Fig. 3. a) Two-degree-of-freedom model of the interaction between a finger-

tip and an ultrasonic vibrating plate, from [21]. b) Experimental setup used for
inducing squeeze film levitation and measuring impedance in real-time. Piezo-
electric actuators force the plate to bend with a harmonic force f,. The motion
of the plate is found using a calibrated piezoelectric sensor. The vibrating plate
is attached to an aluminum frame by its nodal-lines, connected to a six-axis
force sensor. The harmonic force and displacement are IQ demodulated to
find the complex-valued impedance Z,,. Subtracting the unloaded plate
impedance 7, gives the impedance variation Z,.

the actuation force is 5 mN and the contribution of ultrasonic
levitation is assumed negligible.

B. Experimental Determination

Figure 3 b illustrates the method to recover the contact
impedance. The force applied by the piezoelectric elements f,
and the velocity v, are demodulated using IQ demodulation.
This demodulation converts the time domain harmonic signal
into in-phase and quadrature signals that correspond to the
Fourier coefficient of the signal at the frequency of excitation.
This demodulation allows for tracking the real-time variation
of the relative phase and magnitude between the two signals,
encapsulated in the impedance Z,,. At this stage, the unloaded
plate impedance Z,, is removed from the measured impedance
Zm, focusing only on the variation caused by the fingertip

_ L Z¢
Zs I+ 2t

C. Contact Impedance and Real Area of Contact

The impedance of the tissues Z; can be safely assumed to be
constant for a given participant and a given lapse of time. The
only contributor to the variation of the system impedance is
therefore the impedance that models the behavior of the inter-
face Z.. This impedance represents the acoustic transmissivity
of the plate vibrations to the skin tissues. Since the interface is
composed of a collection of asperities in intimate contact, this
transmissivity is favored by a larger number of asperities, thus
a larger contact area.

The contact impedance is influenced by both the amount of
normal force applied by the finger f. and the levitation force
applied by the actuator on the plate f,. An increase in the nor-
mal force brings the two surfaces closer together and enlarges
the number of asperities in contact. Conversely, higher levita-
tion forces, created by squeeze-film, push the asperities away
from the plate and reduce the transmissivity of the interface.

In [21], we used multi-scale contact theory to derive a
numerical expression that links the interfacial gap and the
impedance of the interface. Since the interfacial gap evolves
logarithmically with the real area of contact at a given scale, a
causal relationship exists between this real area of contact and
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the impedance variations. The following shows the experi-
mental validation of this hypothesis.

IV. MATERIAL AND METHODS

A. Apparatus for Imaging Contact During Friction
Modulation

The ultrasonic friction modulation device used in this study
is made of a borosilicate glass plate of dimension 67 x 50 x
5 mm?®. The 3 x 0 mode of the plate is excited at 29 194 Hz
by piezoelectric actuators. The actuators are fed by a high
voltage harmonic signal amplified x20 (WMA-100, Falco
Systems, Katwijk, Netherlands). The plate vibrations are mea-
sured by a smaller piezoelectric element whose output has
been calibrated with an interferometer (DS 3010, Attocube,
Munich, Germany). This plate is secured on an aluminum
frame by four nylon-tip screws pressing on the nodal lines.
The interaction forces are recorded by a 6-axis force sensor
(Nano 43, ATI, Apex, usa). The coaxial illumination is pro-
vided by a red-light source (M660L4, Thorlabs, Newton, usa),
shone through a beam-splitter toward the plate. The red color
is chosen for its high absorption by the skin, increasing the
contrast. The incident beam hits the plate orthogonally. The
beam-splitter reflects the returning beam to a high-speed cam-
era (VEO E310, Phantom, Wayne, usa), which captures
images at 300 Hz. Fig. 3 b shows an illustration of the com-
plete apparatus.

B. Experimental Protocol

Fourteen right-handed volunteers, three females and eleven
males from 19 to 55 years old participated in the study. The
result of one subject was discarded due to technical issues.
The study was conducted with the approval of the Aix-Mar-
seille Université ethics committee and the participants gave
their informed consent prior to the experiment. They were
asked to press on the vibrating plate with an approach angle of
30° to the plate surface. The nail of the index finger was firmly
attached with a clip to a vertical linear guide avoiding any lat-
eral motion of the finger. Seven actuation forces from 0 to
30 N have been presented to subjects six times each, resulting
in a total of 42 fingertip interactions of about a second per sub-
ject. The actuation forces were held constant during each indi-
vidual trial and induced a range of vibration from O to 3 um
of amplitude to the unloaded plate. Force and image record-
ings were synchronized with a trigger signal sent to the camera
when the finger started touching the surface. Time series of a
typical trial are shown in Fig. 4.

V. RESULTS
A. Optical Area of Contact and Impedance

According to multi-scale contact theory, the real area of
contact linearly correlates with the applied pressure [12].
While this assumption holds for flat or infinite surfaces, the
fingertip has a spherical shape, therefore, an increase in nor-
mal force also increases the apparent contact area, following
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Fig. 4. Typical trial showing the normal force, the plate vibration, the optical
estimate of the real A° and apparent A* areas of contact, and system mechan-
ical impedance. A high actuation force f, =25 N is shown in black and
fa = 0N is shown in grey.
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Fig. 5. Optical estimations of the real area of contact (a) and mechanical sys-

tem impedance modulus (b) of a typical subject function of the contact force
for two actuation forces f, =5 N (black) and f, =25 N (grey). Individual
dots represent the mean of six interactions under one actuation force. Error
bars stand for the standard deviation over one condition. The power law is rep-
resented by solid lines. The fitting parameters « and m (c) such as g and p (d)
of each subject, where black dots represent the mean over every actuation
force and error bars the distribution. The dashed line represents the linear
regression of the data set (Pearson correlation coefficient p = 0.63).

Hertzian contact theory. The increase of apparent area is
working alongside the increase in asperities density resulting
in a non-linear relationship, see Fig. 5 a. To capture this phe-
nomenon, we fitted the optical measurement of the real contact
area to a two-parameter power law:

AO _ Otf;n (3)

where « is the proportional coefficient and m is the exponent.
The procedure used Levenberg—Marquardt curve-fitting algo-
rithm and the resulting parameters for every subject are shown
in Fig. 5 a. The goodness of fit of the power law on the experi-
mental data ranges from R? = 0.87 #+ 0.15. The exponent var-
ied between 0.19 and 0.91, while the coefficient of
proportionality varied from 11.2 to 51.3 mm?2.N~!, Interest-
ingly, the mean of the load index and of the proportionality
coefficient of each subject are correlated with a Pearson corre-
lation coefficient of p = 0.63. We do not exclude that this cor-
relation could be due to an artifact. The intra-subject
variability of the exponent is within the size of its average
value with a standard deviation of o(m) = 0.17 £ 0.04. The
proportionality coefficient and the exponent negatively corre-
late with the actuation force f, (Pearson coefficient p =
—0.89 for a and p = —0.79 for m).

. ¥ |
o ’./H*
A i 1
(mm?)
6
b
H £ : ] §
25 L7 M
7 i § 88 » FT Tt o+
0 - T T 1 (Oh; T T i
0 10 20 30 0 10 20 30
actuation force f, (N) actuation force  f, (N)
Fig. 6. a) Scatter plot of the optical contact area and the impedance for one

typical subject at f, = 5 N (grey) and f, = 25 N (black). Individual dots rep-
resent the mean of the six interactions of each actuation force and error bars
the standard deviation. The scatter plots have been fitted with a power law for
every actuation force, represented in solid lines. The proportionality coeffi-
cient, ¥ (b), and exponent, p (c), of the regression function, are displayed
along with the actuation force (Pearson coefficient p = 0.98 and p = —0.41
respectively), where black dots represent individual datum of each subject,
black lines are the mean and grey boxes the standard deviation.

As expected, the impedance also showed a correlation with
the applied force f. and with the levitation force f,. We
applied a similar curve fitting procedure to the modulus of the
impedance variation |Z,| expressed as a function of the con-
tact force f. with:

|Zs| = B f¢ “4)

with B the proportionality coefficient and n the exponent. The
optimization leads to a goodness of fit of R> = 0.9 & 0.1 over
all trials. Typical data are shown in Fig. 5 b and results on all
trials and all participants are shown in Fig. 5 d. The coefficient
of proportionality B ranges from 1.01 and 7.59 s.m and the
exponent from 0.34 to 1.56. The intra-subject variability of
the exponent is also within the size of its average value with a
standard deviation of o(n) = 0.26 & 0.14. The proportionality
coefficient negatively correlates with the actuation force f,
while the exponent positively does (Pearson coefficient p =
—0.63 for B and p = 0.87 for n).

B. Area of Contact as a Function of Impedance

The relation between the optical estimation of the contact area
A9 and the impedance is shown Fig. 6 a for a typical subject at
fo ="5and f, = 25 N actuation force. Following the same idea
as earlier, we performed a nonlinear regression on the scatter
plot with a power law function: A” = y|Z,|". The regression
leads to a goodness of fit of R? = 0.8 4 0.25. The values of the
proportionality coefficient y and the exponent p are reported in
Fig. 6 b and c for all subjects at each actuation force. The propor-
tionality coefficient y increases with actuation force whereas the
exponent p decreases. Consequently, the relation between the
optical contact area and the system impedance modulus deviates
from linearity as the actuation force increases.

As expected, we find that y ~ a/(B)" and p ~ m/n with less
than 10% of error over all subjects and actuation forces. This
empirical power law model can predict the optical area of con-
tact from the impedance with a mean error of 3.3 mm? over
38.2 mm? of mean area of contact for 3 N of contact force.
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Fig. 7. a) Estimations of the real area of contact from the optical measure-
ments together with estimations from impedance and the multi-scale contact
model. The dashed lines represent a simulation of this model with the parame-
ters o, = 18 pm and E = 40 MPa for two activation forces. Optical data
points are shown as dots. b) Estimated area of contact from the acoustic
impedance as a function of the measured friction force measurements. Data
represent five sliding interactions on a 6 Hz modulated ultrasonic vibrating
plate taken from [21]. Dots are individual datum and the dashed line shows
the linear approximation.

C. Agreement Between Methods

The mechanical impedance correlates significantly with the
optical measurement of the real contact area, but only for a
given amplitude of vibration including quasi-static conditions
where levitation has a negligible effect. The actuation force
modifies the relationship, which hints at a more complex
behavior of the impedance. To gain insight, we simulated the
behavior using the dynamic model presented in Fig. 3 a, which
contains a non-linear element transferring energy from the
plate to the fingertip. As fully described in [21], this Kelvin-
Voigt element is non-linearly affected by the number of asper-
ities in contact and the force of the acoustic levitation. This
model uses Reynolds’ equation and multi-scale contact model
to estimate the contact impedance Z. as a function of the aver-
age interfacial separation, the contact force, and the actuation
force. The model takes the impedance as input and outputs an
estimate of the area of contact AV, as shown in Fig. 7 a. The
predictions of the model also follow a power law function.
The proportionality coefficient and exponent are close to the
optical data, with an error of 8 + 9% for the proportionality
coefficient and 17 + 9% for the exponent, over all subjects
and all actuation forces.

The method applied on the dataset of [21], shows that the
friction force and the ultrasonic estimation of the area of con-
tact agreed (Pearson correlation coefficient p = 0.98,
p = 10721), see Fig. 7.

VI. DISCUSSION

A. Friction-Modulation Does Not Reduce Contact Area
Homogeneously

Large ultrasonic oscillations lift the skin over the plate,
thereby reducing the quantity of micro-junctions. The images
offer a way to observe the spatially-resolved evolution of the
contact. Interestingly, within the area of contact, certain
regions completely disappear, while others remain attached.
Since the contact is assumed to follow a random profile of
asperities height [12], it is clear that the brightness of each
pixel corresponds to the density of asperities in intimate con-
tact. When pixels have values close to the background illumi-
nation, it indicates that the contact has completely vanished
under the effect of the ultrasonic levitation. Since the change
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is not uniform throughout the image, there is also evidence
that the levitation is not homogeneous. Similar disappearance
of micro-contacts phenomenon exists during rough contact
sliding [16], although in the case of that study image thresh-
olding was used.

B. The Real Area of Contact Follows a Power Law With
Contact Force

The evolution of the apparent contact area under an increas-
ing normal force has been widely studied in the literature. Its
behavior is well approximated by a Hertzian contact model,
leading to a power law, of exponent 2/3, that predicts the
apparent contact area from the normal force. Some optical
measurements of the apparent area found in the literature
report also an exponent close to 2/3 [34], consistent with the
theory. Other fingertip studies found various exponents for the
area within the apparent area of contact (i.e., at a smaller
scale), one that is ~ 2/3 [35], another is & 1/2 [31], and
=~ 0.4 [36]. These differences could be attributed to variations
in measurement method but also to fingertips mechanical
parameters. In the present study, the frictional behavior of the
fingertip of 13 participants has been investigated. Our mea-
surement shows that the exponent varies from ~ 1/3 to =~
2/3, covering the range found in the literature. Using
our model, we estimate that the mechanical properties of
skin are E =68 & 52 MPa for the Young modulus, and
oy = 19 + 9.2 pm for the average roughness height distribution.

As a testimony to reinforce this intuition, in our study, the
linear coefficient and the exponent parameters that fit the data
are correlated (Pearson correlation coefficient p = 0.65).
Besides, in Hertz theory, the linear coefficient of the power
law is related to the stiffness and the shape of the contact, so
the exponent might be also related to these mechanical
parameters.

C. Implication for Surface Haptics

Surface haptic interfaces produce tactile sensations by mod-
ulating friction of the user’s bare fingertip. One major issue
they face is the high variability of the frictional behavior of
fingertips [37] that renders the stimulation imprecise. One
way to overcome this variability is to measure and control fric-
tion via a control loop [7], [38], [39]. The tribometer used to
measure the friction in these studies limits the control only on
sliding moments of the fingertip. Hence, the measure of static
friction is only possible at the very moment of sliding, forcing
the rendering of stiction to rely on models [9]. The method
presented here does not require lateral motion to assess the
frictional resistance of the fingertip on the surface. Also, the
estimation has low computational effort, which allows for
high-speed closed-loop control. However, only one value of
the impedance can be measured, which prohibits multi-touch
interaction.

Expanding this method to glass/polymer contact could be
used to estimate friction strength on robotic grippers at initial
contact.
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VII. CONCLUSION

The real area of contact offers a unique picture of the fric-
tional interaction between the skin and a surface. In this work,
we reviewed and improved the optical methods to reliably
measure this quantity. In addition, we introduce a new method
that advantageously exploits the presence of ultrasonic waves
in surface haptic devices to extract a measurement of the real
area of contact. Both methods agreed in the quasi-static cases
of a pure normal press and of a steady sliding.

This new method enables the measurement of an estimate of
the real contact area, in every situation where optical methods
would be too cumbersome. Moreover, the method only
requires inexpensive piezoelectric sensors, already present in
most surface-haptic devices. Finally, because of low computa-
tional effort, this method is suited for a closed-loop control on
the real area of contact, necessary for high-fidelity surface
haptics.
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