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Estimating Friction Modulation From the
Ultrasonic Mechanical Impedance

Nicolas Huloux *, Corentin Bernard

Abstract—Ultrasonic surface-haptic touchscreens produce
compelling tactile sensations directly on the users’ fingertips. The
tactile sensations stem from the modulation of friction produced by
acoustic radiation pressure, which reduces the contact between the
skin and the glass plate. During this process, some of the vibrations
are partly absorbed by the tissues, resulting in a conspicuous
change in the vibration amplitude of the plate upon contact with the
finger, which manifests as a net change in the system mechanical
impedance. In this article, we leverage the observable change of
impedance to estimate the acoustic levitation and the frictional
force. The self-sensing method utilizes a model of the first principles
governing the physical interaction between the plate and the skin,
which relies on multi-scale contact theory. The model accurately
describes the experimental influence of the amplitude on the
observed impedance (i.e., the amount of energy absorbed and
reflected) and can be used to estimate the friction coefficient
(R? = 0.93). These results provide additional evidence of the
partial levitation mechanism at play in ultrasonic friction-
modulation. This finding can be useful for designing energy-
efficient devices and provide design suggestions for using ultrasonic
impedance for self-sensing friction forces.

Index Terms—Biomechanics, squeeze-film, surface haptics,
tactile devices, ultrasonic friction-modulation.

I. INTRODUCTION

N effective method for attenuating the rattle of a vibrating

object or cutting short the ringing of a bell is simply to
place a finger on its surface. The compliance of the skin allows
for contact to develop over a large area, creating a connection
through which vibrations travel and are dissipated via viscoelas-
tic losses. This viscoelastic behavior not only dampens vibra-
tions in the frequency range of tactile and auditory stimulation
but also extends to the ultrasonic regime. This behavior is partic-
ularly notable when interacting with surface haptic devices that
use ultrasonic vibrations to modulate fingertip friction. The
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amplitude of these vibrations is generally attenuated by the pres-
ence of the finger, leading to a smaller dynamic range.

However, achieving a large dynamic range with these ultra-
sonic surface haptic devices is essential to provide notable
stimuli to restore the tangibility of touchscreens. A large varia-
tion in friction triggered by the user’s movement can produce
the illusion of touching relief [1]-[3], texture [4]—[6] or even
buttons [7]-[9]. Patterning the variation in friction has been
shown to improve the speed and accuracy of the interaction
with touchscreens [10], [11].

To achieve drastic changes in friction, ultrasonic surface-
haptic devices oscillate with an amplitude of several micro-
meters owing to highly resonant glass plates being excited by
stiff piezoelectric actuators. Because of the resonance, the
dynamic behavior is influenced by contact with skin, which
absorbs vibrations and shifts the resonant frequency of the sys-
tem. When a plate is driven at resonance by the piezoelectric
actuators, the added viscosity and inertia of skin reduce the
amplitude and shift the phase of the plate motion [12]. How-
ever, this effect is also an opportunity to examine the complex
coupling between tissues, air, and the plate. The mechanical
properties of a fingertip around the excitation frequency can
be estimated by comparing the complex-valued impedance of
the plate with and without the presence of the finger [7], [8],
[13], [14].

However, these measurements of the biomechanics of skin
assume that the plate and the skin are in perfect contact. In real-
ity, the interaction between the ultrasonic wave and the skin is
quite complex and adds its own dynamics. The leading theory
states that an acoustic vibration produces an acoustic radiation
pressure that slightly levitates the skin off the plate, creating a
gap [15]. In addition to levitation, the skin is forced into oscilla-
tion by the plate. During each oscillation, the gap closes, creat-
ing a cushion of air on which the tissues bounce [16].

Kaci et al. derived a method to estimate the acoustic force
applied to the skin during the harmonic oscillation produced
by piezoelectric actuators. They noted that the acoustic force
increases linearly for low amplitudes of the ultrasonic vibra-
tion, but reaches an inflection point at amplitudes of a few
micrometers [17]. This result suggests that the transmission of
acoustic energy from the plate to the finger might be influ-
enced by the amplitude of the stimulation. However, the
model does not provide an estimation of the interfacial gap,
which is correlated to the friction force.

To estimate the friction force from the impedance, we devel-
oped a new dynamic model, illustrated Fig. 1. This model
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Fig. 1. (a). [lustration of the motion of the skin and the plate at its anti-node.

(b). Frustrated total internal reflection imaging of the contact showing the
decrease in the real contact area due to levitation [15]. (¢). Bode diagram of
the admittance of the plate with the finger (black lines) compared to the plate
without a load (gray lines). The influence of the finger is maximum for small
amplitudes. (d). Schematic of the fingertip interacting with the ultrasonic
plate. The piezoelectric actuators produce a force, causing vibration of the
plate. From these variables, the model first computes the contact impedance
Z,, and then estimates the friction coefficient .

considers the interplay between vibration and friction at the
timescale of ultrasonic vibrations (i.e., &~ 20 us), to model the
absorption, transmission, and reflection of the waves, as well as
the longer timescale of the acoustic levitation (i.e., =~ 1 ms).
This multi-scale model can accurately predict the variation in
the friction force and offers a unique view of latent variables
such as the levitation gap.

II. RELATED WORKS
A. Ultrasonic Friction Reduction Theories

The first theories of ultrasonic friction modulation revolved
around the principle of squeeze-film overpressure [2], [18].
Air is trapped between a vibrating plate and an idealized rigid
and flat fingertip. Because of the vibration, the gap between
the plate and the finger closes too quickly for the air to escape
from the edges of the contact, therefore undergoing an isother-
mal compression cycle. The non-linear compressibility of air,
modeled by Boyle’s law, creates a net force on the skin. This
model well explains the interaction between two flat and rigid
surfaces [19]. An alternative to squeeze-film theory argues
that the skin bounces on the plate, making intermittent contact
of short duration, resulting in a reduction in the overall fric-
tion [20], [21]. Recent investigations under reduced pressure
showed that air is nonetheless a critical factor in the modula-
tion of friction [16], [22].

The rigid plate model is also a poor approximation of skin,
which is both rough and compliant and therefore involves a
range of physical phenomena. Instead of pure bouncing or pure
levitation, the mechanism behind the reduction in friction
seems to involve both squeeze-film levitation and intermittent
contact at the micrometer scale [15]. The skin bounces on a
film of air, resulting in an interfacial gap that monotonically
grows with increasing amplitude. With larger interfacial gaps,
fewer asperities of the skin are in intimate contact with the plate
which contributes to lowering the friction force. However, none
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of these modeling approaches considered the dynamics of the
plate. The current article models the bouncing and partial levi-
tation of the skin, as well as their effect on the oscillation of the
ultrasonic plate.

B. Biomechanics of the Fingertip

The mechanical properties of skin have a significant effect on
the susceptibility to ultrasonic friction reduction. Fingertips that
are too elastic [14], [23] or that show a large overall impedance,
i.e., large inertia and damping, tend to be unaffected by ultra-
sonic vibrations [8]. The mechanical behavior of skin has been
extensively studied in the low-frequency end of the spectrum,
where skin behaves mostly as an over-damped spring and
damper system [24]-[27] but little is known about the behavior
in the ultrasonic range. Some models use a mass, spring, and
damper series to capture the complex dynamics [28]. Recent
measurements that rely on the self-sensing capabilities of ultra-
sonic friction modulation devices showed that skin behaves as a
mass of ~0.1 g in parallel with a damper of ~20 N.s/m in the 30
to 40 kHz range [8]. At these frequencies, the elasticity of the
tissues contributes insignificant forces and can be neglected.

C. Contact Mechanics

The contact between the skin and the plate also strongly influ-
ences the levitation and therefore the behavior of the ultrasonic
friction-modulation. In particular, the relationship between the
force required to maintain both bodies in contact and the size of
the gap is of utmost importance for modeling the dynamics.
Skin is soft and rough; therefore, the contact between the plate
and the fingertip is not as straightforward as the contact between
two flat surfaces. The gross deformation of the fingertip as well
as the contact with the fingerprints could be modeled by Hertzian
contacts [29]. Doing so well captures the interaction at two spa-
tial scales —the fingertip and the ridges— but fails to take into
account the smaller-scale asperities that are affected by ultra-
sonic vibrations. Multi-scale contact theory provides a mathe-
matical framework to model the interaction between two
randomly rough surfaces. In this theory, the gap for a given force
is predicted by the shape of the frequency spectrum of the rough-
ness, itself modeled as a fractal surface, in which the Hurst expo-
nent and the height distribution of asperities completely
determine the contact state [30].

D. Mechanical Impedance

The plate and piezoelectric actuators create a dynamical sys-
tem that has reactive elements —mass, spring, or capacitance—
and dissipative elements in the form of dampers or resistors [13].
The amplitude and phase of the motion for the force produced by
the actuators is a direct consequence of these parameters. To
capture the dynamics of the system, it is useful to introduce the
notion of impedance, which is a complex value that links the har-
monic force to the harmonic velocity, generalizing the behavior
of the reactive and dissipative lumped-elements. Similar meth-
ods in the electrical domain have led to an increased understand-
ing of the electroadhesion of skin [31].
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Fig. 2. (a). Model of the interaction between the finger and the plate. The fin-
ger pushes on the vibrating plate. At the interface (inset) the force is split
between the reaction force from the plate on the asperities of the skin and the
squeeze-film pressure. The value of the latter is influenced by the nominal gap
and the vibration amplitude. (b). Two-degree-of-freedom model of the interac-
tion. Around the ultrasonic excitation frequency, both the plate and the finger-
tip are modeled as a second-order mass-spring-damper system. A spring,
which connects both bodies, lumps the interactions arising from the contact
and partial levitation.

The real part of the impedance is related to the dissipative ele-
ments that decrease the overall energy of the system, and the
imaginary part captures the behavior of the elements responsible
for storing oscillatory energy. Common impedance values are:
7 o iw for an inertia, Z o 1/iw for a spring, and Z = cst for a
damper, where i = /—1 is the imaginary number and o is the
angular frequency. The mechanical impedance of the plate is
found by dividing the complex-valued force produced by the pie-
zoelectric elements by the complex-valued motion of the plate
using [Q-demodulation. When no finger is touching the plate,
the impedance measurement reflects the dynamics of the plate
itself and the dynamic behavior is changed with the contact of a
fingertip. From the difference between the loaded and unloaded
impedances, it is possible to recover the mechanical impedance
of the skin, assuming that the skin is in total contact with the
plate [8]. In this article, we relax this last assumption to estimate
the biomechanics of the skin as well as the levitation height.

III. MODELING CONTACT DYNAMICS

The complex interaction between a finger and a vibrating
plate is captured by a two-degree-of-freedom lumped parame-
ter model. One of the degrees is related to the motion of the
skin and the other to the motion of the plate. The elements of
the soft tissues have the subscript ¢, and those concerning the
behavior of the plate have the subscript p. Each of the parts is
connected by a spring in parallel with a damper, which models
the action of both the contact and the partial levitation indi-
cated by the subscript c¢. The model is presented in Fig. 2 a
and b. Two external forces are applied to this system: f, mod-
els the action from the finger motion and subsequently cap-
tures the slow behavior of the compression of the pulp and the
levitation of the skin; f, is the harmonic force provided by the
piezoelectric actuators.

A. Constitutive Equations

In the time domain, the free body diagram of the dynamic
system, illustrated in Fig. 2b, leads to the following equations:

mtjét +brl’f +kf Ty =

f c f e (1)
my &y + by &y +kpxy = —fet fa

where m,, by, and k, represent the mass, damping, and stiff-
ness of the plate and my, b;, and k; represent the mass, damp-
ing, and stiffness of the fingertip tissues. The internal force f,
represents the forces at the contact between the finger and the
plate, encapsulating the reaction force from the skin asperities
and acoustic radiation pressure from the ultrasonic vibration.
The connection between the plate and fingertip dynamic sys-
tems is modeled as a spring k. in parallel with a damper b,.
This spring and the damper encapsulates the behavior of the
asperities in contact and the squeeze-film levitation such that:

kc (xp - 3775) + b(:(jfp - xl‘) = f(: (2)

The constitutive equations are solved at two different time-
scales: at ultrasonic frequencies and at the quasi-static time-
scale. At the ultrasonic time scale, close to the period of
oscillation of the plate, the motion follows a harmonic trajec-
tory with zero mean and is indicated by a tilde -. At the quasi-
static time scale of the motion of the tissues, the forces and
motions are equivalent to a time-averaged value, denoted with
brackets (-). Some variables, such as f., have only time-aver-
aged values, whereas others such as f, and x, have only a
harmonic component. Of particular importance, the contact
force can be observed as the superposition of a time-averaged
component and an oscillatory component:

fc - (3)

<f(3> + f~C
~~ ~~

time average  harmonic

with (f.) = %ffﬂ fe d(wt).

The model solves the constitutive equations, first in the har-
monic regime and then at the quasi-static time scale, to derive
a model of levitation that includes the dynamics of the tissues
and the partial near-field levitation.

B. Harmonic Behavior

Around the ultrasonic resonant frequency of the plate, the
dynamic behavior is assumed to follow that of a second-order
oscillator, and the system composed of Eq. 1 and Eq. 2 can be
studied in the Fourier domain. The transformation to the Four-
ier domain is achieved by recognizing that the harmonic
force produced by the actuator is f, = | f,| !, where t is the
time variable, i = y/—1 is the unit imaginary number and  is
the excitation frequency which corresponds to the natural res-
onant frequency of the unloaded plate in this article but can
vary without loss of generality to accommodate situations
where the frequency is regulated [32]. Since the external force
is slowly varying compared to the ultrasonic oscillation, we
can assume that it is constant such that ﬂ = 0. The respective
harmonic velocities vg = g of the skin and the plate are vg =
|0g| €' ~'%# with B = {t,p} and ¢, being the phase of the sig-
nal related to the actuator force.
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Integrating and differentiating harmonic forces and dis-
placements with respect to time leads to the expression of the
constitutive equations in the Fourier domain:

K - ke L
<mtiw+ft+ bt)vt + <f+bc> (0, —v,) =0
iw iw

k k ®
) £ b ~) —= b(' Uy — V) = a
<mp i+ ="+ p) Ty + (w) + ) (Op =) = fa

At the resonant frequency, the inertia and stiffness of the
plate cancel each other such that k, —m, ®® = 0; however,
for generality, the remainder of the article includes these
terms. This linear set of complex-valued equations can be
compactly written by expressing the impedance of each inde-
pendent part taken in isolation. The isolated plate, tissues, and
contact impedance are defined as:

Zilio) = miio+ 1, )
1w
. ok
Zy(iw) = myiw + ﬁ +0b, (6)
Zuio) = X b, )
1w

In this scenario, the experimental value of the impedance of
the plate Z,(iw) can be trivially determined by measuring its
impedance when no finger is in contact with it. The remainder
of the paper explains how to find the biomechanical imped-
ance of the skin Z;(iw) and the impedance that models the
dynamics of the contact Z,.(iw).

Using this shorthand notation, the system of equations can
be written in a matrix form:

7.

Uy 0
sea)(5)=(0) o

Inverting the matrix, we recognize that the impedance observed
via the ratio of the force generated by the actuator and the vibra-
tion of the plate is:

Zy+ Z,
_ZC

Zt Z(:

— |fa’ iy —
= T g

m ~
|UP

€))

This equation demonstrates that the impedance measured
at the plate is the sum of the isolated impedance associated
with the parallel association of the contact and the fingertip
impedance. When the plate is completely decoupled from
the finger, Z. = 0, and the impedance observed from the
vibration sensor is equal to the isolated impedance of the
plate Z,, = Z,. Conversely, when the contact is of infinite
stiffness Z. = oo, the impedance measured at the level of
the plate is the impedance of the plate in series with the
impedance of the finger Z,, = Z, + Z;. This hypothesis of
infinite contact stiffness is the basis of the method used
in [8], [14] to find the impedance of a fingertip offline or dur-
ing the interaction. The harmonic contact force at the
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interface f(:, derived in [17], can be recovered from:

fc:fa_Zpﬂp:(Zm_Zp)ﬂp (10)

It is worth noting that since the impedance of the tissues is
defined as Z; = f./v;, the particle velocity of the tissues can
be found from:

7O (11)

In practice, our interest lies in finding a method for estimat-
ing the contact gap via the impedance of the contact Z..
The latter can be found from the real-time measurement of the
impedance Z,, after having determined estimates for the
impedances of the unloaded plate Z,, and the tissues Z;:

(Z'm - Zp) Zt

L, =—F—""F
Zf, - Zm + Zp

(12)

The last equation is completely determined if we consider that
Zm~is found from the IQ demodulation of the actuation voltage,
o fg, of the vibration pickup sensor o< v,. The mechanical
impedance of the plate Z, can be found when the finger is not
on the plate and the mechanical impedance of the skin Z; can
be found by assuming that Z, = co when the signal is small.

C. Effect of Contact Stiffness on measured Impedance

The system is simulated using realistic parameters from the
apparatus used in the following experimental section IV-A to
explore the effect of the contact stiffness on the measured
impedance Z,,. In this context, the vibrating glass plate is cho-
sen to have a resonant frequency of fy = w /2w = 35 kHz and
an inertia of m, = 8 g. Therefore, the equivalent stiffness,
close to the resonant mode, is found to be k, = (27 fy)* m, =
380 N/pm. The damping value of the unloaded plate is taken
to be b, = 7.01 N.s/m, which leads to a quality factor of Q ~
250. A fingertip with mass m; = 0.1 g, a negligible stiffness
and a damping b; = 32 N.s/m is considered. These values are
consistent with the apparatus and measurements detailed in [7].

Typical evolutions of the real and imaginary parts of Z,,, as
well as the ratio of velocities |0 /7y, are shown in Fig. 3, for
k. =1[0.1 — 100] N/pm. These simulations use the aforemen-
tioned numerical values in Eq. 9.

The transmissibility of the vibration expressed by the ratio
of the skin velocity to the plate velocity evolves between O for
low contact stiffness and 1 for stiff coupling. Contact with a
stiffness below 2 N/pm, which occurs for high vibration
amplitudes, is soft enough that the impedance of the fingertip
is barely reflected. Conversely, when the contact is fully
formed and its stiffness greater than 5 N/pm, the observed
impedance closely resembles the impedance of the plate and
the impedance of the skin in series. At this level of coupling,
the two impedances follow the same trajectory.
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Fig. 3. Simulation of (a) the measured impedance of the plate and (b) the rel-
ative velocity between the skin and the plate, as a function of the contact stiff-
ness. Dashed lines represent purely elastic coupling, and solid lines represent
Kelvin-Voigt viscoelastic coupling with a damping factor of 0.3. At low con-
tact stiffness, the skin decouples from the glass plate and the motion of the
skin is almost null. Conversely, at high contact stiffness, the skin completely
couples to the plate, and their velocities are equal.

D. Time-Averaged Behavior

Thus far, we have seen that the contact stiffness k. has a
fundamental influence on the dynamic behavior of the system,
but the variables that influence its value are unclear. In this
section, we seek to determine how the contact mechanics and
acoustic levitation influence the contact stiffness.

At the interface between the plate and the skin, two main phe-
nomena occur. First, only the highest asperities of the skin are in
contact with the plate and support the interfacial load. Since the
asperities are elastic, additional forces increase the number of
asperities in contact. Second, the ultrasonic vibration of the
plate creates an acoustic radiation pressure inside the air-filled
gap where the skin is not in contact with the plate. Therefore, to
model the contact stiffness, both phenomena need to be taken
into account in the calculation, as illustrated in Fig. 4.

In the quasi-static analysis, we assume that the air trapped
within the contact does not escape and is elastically com-
pressed. This assumption results in no damping; however,
some energy dissipation is likely to exist and contribute to the
contact damping [33].

The contact forces are found by analyzing the dynamic sys-
tem depicted in Fig. 2 at a slow timescale, where the ultrasonic
vibrations are not considered individually but contribute to
imposing a slowly varying levitation force f;. At this time-
scale, the mean force coming from the actuator is null (f,) =
0 and only external pressure f, is applied to the system. There-
fore, the force balance at the contact simply becomes (f.) =
(fe), as shown in Fig. 4.

Following the development explained in the supplementary
materials of [15], the contact forces (f.) can be separated into
the contribution of the acoustic radiation pressure forces (f)
and the reaction force from the compression of the asperities
of the skin (f,) such that:

<fc> = <fr>+<fs> (13)

Furthermore, an expression of the acoustic force is found by
deriving the Reynolds lubrication equation in the gap between
the finger and the plate such that:

l(ﬂ) = (f2)

asperities
height
distribution

[Zp] =0

Fig. 4. TIllustration of the interaction between the skin and the ultrasonic
vibrating plate. The forces from the asperities in contact (f,), squeeze-film
levitation (fs), and muscular activation (f.) = (f.) are balanced. On the long
timescale, the contact force f. is only affected by the external load f.. The fin-
gertip roughness is modeled from multi-scale contact theory in which the
height of the asperities follows a Gaussian distribution with a standard devia-
tion o; and a mean ) at rest.

-2
||

<$t>2

where p, is atmospheric pressure and S ~ 314 mm? is the
apparent contact area of a 20-mm diameter disc. The ampli-
tude of the ultrasonic vibration acting on the plate is |Z,],
which is derived from z, = v,/(iw) = |Z,| €', previously
defined in the harmonic analysis. Here, we set the time-
average displacement of the plate to be null, i.e. (x,) = 0, so
that the average gap between the two surfaces (x;) is the time-
averaged position of the finger. The reader can refer to [15],
[34] for more details on the derivation.

In addition to the force from acoustic pressure, the fingertip is
also supported by the contact between the asperities and the glass
surface. A relationship between the average gap and the reaction
force can be found using multi-scale contact theory as follows:

(f+) = pe Sexp (%ﬂft))

5
(fs) ZZPOS (14)

(15)

where p. = 0.375qy 0y E/(1 —V?) is the pressure coefficient
that captures the elasticity of the asperities. This value is affected
by the size of the asperity height distribution o, the elastic prop-
erties of the material via the Young’s modulus £ and Poisson’s
ratio v, and the length scale ¢, at which the measurements are
made. See [15], [30] for more details on the derivation.

We can rewrite the equilibrium as a function of the initial
average gap z! found in the absence of vibration. The previous
equation can be rewritten as:

(16)

Ot

() = (fe)exp (—<x>+w9>

where 2! = oy In(p. S/(f.)) is the average gap formed by the
contact in the absence of vibration.
Substituting 14 and 16 into the equilibrium Eq. 13 leads to:

- ep (Y] s P

Ot (2,)?

Equation 17 is solved numerically (vpasolve in Matlab™) to
find the levitation gap (x;) that satisfies the force equilibrium.
A representation of Eq. 17 for the roughness o; = 2 pm is
given in Fig. 5 a. Forces are shown as a function of the interfa-
cial gap (), solution of the equation for different contact

a7)
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Fig. 5. (a). Illustration of the contact equilibrium for various acoustic forces
(left) and external forces (right). The dots correspond to the size of the gap at
which the equilibrium between external forces, the acoustic radiation pressure,
and forces on the asperities balance each other. (b). Interfacial gap as a func-
tion of the amplitude and normal force.
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Fig. 6. Contact stiffness as a function of the vibration amplitude (left) and
contact force (right).

forces (f.) and amplitudes |Z,|. Equilibrium exists when reac-
tion force (f,) and acoustic force(f;) are equal to the contact
force, shown as dots in Fig. 5 a. The effect of the vibration
amplitude |Z,| and the contact force (f.) on the levitation gap
is shown in Fig. 5 b. Increasing the vibration amplitude leads to
a larger gap, consistent with the partial levitation theory. Con-
versely, increasing the contact force closes the gap.

The contact stiffness can be found by taking the opposite of
the gradient of the function that links the contact force to the
gap, which we solved numerically, around the equilibrium point:

Cf) ) () )

S 7 R T S )

The stiffness equation, illustrated in Fig. 6, makes it clear
that as the gap between the skin and the plate increases, both
the acoustic force and the reaction force from the asperities
decrease, leading to a lower overall contact stiffness. In addi-
tion, regardless of the value of the external force, k. asymptoti-
cally tends to O as the gap widens, leading to a decoupling of
the finger from the plate for sufficiently high vibration ampli-
tudes. When realistic fingertip parameters are used in the simu-
lation, the contact stiffness is decreased by 90% for a 5 pm
vibration amplitude and a 1 N external force.

(18)

E. Impedance and Dynamics Estimation

At this stage, we have a description of the influence of each
impedance of the finger-plate system, as well as an estimate of
the contact stiffness, which stems from the contact condition
and the acoustic pressure. In this subsection, we connect both
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Fig. 7. (a). Forward model that estimates the measured impedance from the
external force and vibration amplitude. (b). Estimation of the measured imped-
ance at different external forces (left) and different vibration amplitude (right).

parts to build a forward model that relates the observed imped-
ance Z,, to the vibration amplitude of the plate and the normal
force applied by the user.

The measured impedance estimation process is represented
by the block diagram in Fig. 7 a. First, the time-averaged con-
tact stiffness is estimated from the vibration amplitude and the
external force. Then, assuming a viscoelastic compression of
the contact asperities and the squeeze-film of air so that the
contact impedance is Z. = k./iw + b., the total impedance
Z is computed from Eq. 9. The damping b, is fixed following
the Kelvin-Voigt viscoelastic coupling with a damping factor
of 0.3, as it fits best the impedance measurements. The results
for typical numerical values are shown in Fig. 7 b.

Since both the acoustic and contact forces are monotonic,
the function that expresses the levitation height at equilibrium
as a function of the amplitude is also monotonic. This means
that for a given set of the normal force and gap, a unique con-
tact stiffness exists. In other words, it is possible to invert the
relationship by using the contact stiffness found by the mea-
surement to determine the value of the interfacial gap. This
average interfacial gap has a direct influence on the friction
force experienced when sliding.

Alternatively, the two-scale model can predict the levitation
height and the amount of vibration transferred to the tissues,
as illustrated in Fig. 8.

The motion of the skin is found by solving the stiffness k.
and the average displacement (z;) for a given set of the vibra-
tion amplitude and external force and then plugging the
numerical values into the impedance equation. The harmonic
part of the resulting complex-valued motion can be expressed
as a magnitude and a phase such that z; = &; €'’ ~'®, where
¢ = ¢, — ¢, is the relative phase between the vibration of the
plate and the vibration of the tissues.

The model predicts that large-amplitude vibrations of the
plate increase the levitation height, which decreases the cou-
pling between the skin and the plate and in turn reduces the
transmission of vibrations to the tissues.

F. Friction Coefficient Estimation

The last step of the forward model is to connect the time-aver-
aged interfacial gap (x;) to the friction coefficient 1. Multi-scale
contact theory, used to predict the levitation height, also provides
a framework to predict variations in the friction coefficient.
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Fig. 8. Time-domain vibration of the plate and fingertip for two forces (1 N
left and 5 N right) and two amplitudes (I m top row and 10 m bottom row).
The vibration of the skin decreases for the larger amplitude while the average
height due to levitation increases.
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Fig. 9. Estimation of the friction coefficient from the multi-scale contact
model as a function of the vibration amplitude for normal forces of 1 N (dashed)
and 5 N (solid).

As illustrated in Fig. 4, only the highest asperities of the
skin contact the glass plate. If the external normal force
decreases or the acoustic force increases, then fewer asperities
will be in contact with the glass plate, creating a smaller real
contact area, which is composed of the contact area made by
each individual asperity. As the average separation between
the glass plate and the skin increases, fewer asperities are in
contact and the ones that remain attached have a smaller indi-
vidual contact area.

The adhesion theory of friction introduced by Bowden and
Tabor [35], postulates that the friction force experienced by
two tangentially sliding bodies is directly proportional to the
real contact area. Therefore, a relative reduction in the contact
area implies a relative reduction in the friction coefficient
such that A/A° = u/u,, where Ay and p are the reference
area and friction coefficient, respectively, which can be
assessed when there is no vibration.

For a given normal force, the multi-scale contact theory can
express the relative change in the real contact area and by
extension of the friction coefficient, as a function of the aver-
age distance between the surfaces (x;) such that:

P exp <<f€t> + m?)

o O

19)

As an example, the interfacial gap computed in section III-
D can be used to estimate the contact friction coefficient as a
function of the vibration amplitude, as shown in Fig. 9, with
an initial friction coefficient of 1’ = 0.8 and a simulated fin-
gertip roughness of o; = 2 pm under contact forces of 1 N
and 5 N. As the amplitude increases, the levitation height
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Fig. 10. (a). Interferometric tribometer equipped with a resonating glass
plate for friction modulation. The force is measured along with the lateral and
normal directions. The vibration of the plate is shown in color; red indicates
positive deformation and blue indicates negative deformation. The 1x0 mode
is used so that the amplitude at the centerline of the plate is uniform. (b). Typi-
cal measurements of the admittance Bode plot when the plate is unloaded
(black) and when a finger is sliding (gray) represented by solid lines. The sim-
ulated plate admittance is shown in dashed lines.

rises, which reduces the friction coefficient to the point where
the contact becomes almost frictionless.

IV. EXPERIMENTAL VALIDATION
A. Apparatus

The experimental apparatus is depicted in Fig. 10. It com-
prises a 105 x 22 x 3.3 mm?® borosilicate glass plate, which is
mounted on an aluminum holder by four nylon-tip screws
pressing on the nodal line. The mount supports the quasi-static
forces applied on the plate while allowing unimpeded vibratory
motion. The plate undergoes flexural deformation along the
0 x 1 normal mode, which provides a constant amplitude
across the length of the plate. For the excited mode, the bound-
ary conditions of the entire plate are free. The modal mass cor-
responds to half of the actual mass, m,, = 8 g[13]. The plate
stiffness is k, = (27 fo)* m, = 380 N/wm, its internal damp-
ing is b, = Im(f,/2,) = 7.01 N.s/m, and it has quality fac-
tor of Q = /k, m,/b, ~ 250. The parameters for the second-
order linear time-invariant model of the unloaded plate are
identified by using a least-square fit to the admittance plot,
expressed in the Fourier domain and shown in Fig. 10 b. Two
piezoelectric disks (smp20104, Steminc, Davenport, UsA) are
glued to the plate and provide excitation. The force delivered
by the actuators is the product of the input voltage U, applied
to the electrodes and the force factor of the piezoelectric actua-
tors glued to the plate y. In practice, the force factor is found
from the amplitude of the unloaded plate at resonance for a
given voltage input, such as y = b, oy |z,|/U, = 0.13 N/V.
The wavelength of this mode is 22 mm, which is large enough
to provide a comparable amplitude under the contact area.

The signal fed to the actuators is generated by a function
generator (B&K Precision 4052, Yorba Linda, ca, usa) config-
ured to produce an amplitude-modulated sine wave matching
the resonant frequency of the glass plate, which appears at
approximately 35 kHz. The signal is amplified x20 (WMA-
100, Falco Systems, Katwijk, Netherlands). The deflection of
the plate is measured by a third piezo-ceramic 5 mm-diameter
disk which is sensitive to the deformation of the plate. The
output of the piezoelectric pickup was calibrated with an inter-
ferometer (IDS 3010, Attocube, Munich, Germany) to measure
the real-time vibration of the glass plate in micrometers. The
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Fig. 11. Typical measurements of the plate vibration, impedance, and fric-
tion coefficient. The vibration amplitude is the carrier amplitude-modulated at
6 Hz modulated by the envelope ,. The grey shading represents one instance
of selected data.

input voltage into the piezoelectric actuators and plate vibrations
were measured with an acquisition card (NI USB-6211
National Instruments) at a 100 kHz sampling rate, providing
approximately 3 points per cycle. Lateral and normal forces
imposed by the user on the plate were measured with the cus-
tom force sensor described in [36] and shown in Fig. 10 at a
10 kHz sampling rate.

B. Protocol

In total, 17 participants took part in the experiment,
5 females and 12 males, aged from 22 to 42 with a mean age
of 28.2 years. The data of three participants were discarded
due to technical issues. The participants were asked to explore
the glass plate twice from left to right at a constant velocity of
50 mm/s by following a moving slider on a screen at a constant
normal force between 0.5 and 0.8 N. At the end of each explora-
tion, participants were informed of the average normal force
they applied to help them self-regulate. The experiment received
the approval of the ethics committee of the Aix-Marseille
Université. The participants gave their informed consent before
the start of the experiment.

The friction was varied by the ultrasonic plate using an
ultrasonic carrier, whose amplitude was modulated by a 6 Hz
sine-wave with a modulation index of 95%. Typical measure-
ments of forces and vibrations for one trial are presented in
Fig. 11. The position of the finger was recorded with a pulley-
encoder system, filtered with a second-order Butterworth filter
with a 100 Hz cutoff frequency, and numerically differentiated
to find the velocity. The dataset was further processed by
selecting only instances where the finger was fully sliding
with a constant velocity by cropping to sections of 60 mm at
the center of the plate. Besides, because of the nonsymmetric
behavior of friction reduction, only the sections where the fric-
tion force decreased were conserved (i.e., when the derivative
of the vibration amplitude was positive). The resulting 60 ms
force and impedance signals were then filtered with a second-
order Butterworth filter with a 100 Hz cutoff frequency. Each
trial is the compilation of 5 of these instances.
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C. Mechanical Impedance Measurement

The instantaneous value of the mechanical impedance of
the system, determined at the excitation frequency (=~ 35 kHz
for this device) is found by measuring the relative amplitude
and phase of the vibration of the plate with respect to the actu-
ation signal. The method to extract the mechanical impedance
is described at length in the second half of [8] but the key
aspects are concisely repeated here.

The impedance is found by taking the ratio of the analytical
signals, so the first operation is to recover them from the meas-
urements. The complex analytic representation of the plate
deformation and the actuator forces is found by applying the Hil-
bert transform to the real-valued signals measured by the data
acquisition board, denoted with the superscript m, such that:

fip(t) = v, () +1H(v,' (1)) 20)
fa(t) = £3" () + TH(f;" (1)

where H (o) denotes the Hilbert transform. The Hilbert trans-
form of a monochromatic waveform is simply the same wave-
form that has been phase-shifted by 90°, recreating the
missing imaginary part of the signal. This process essentially
produces offline quadrature demodulation (also known as 1Q
demodulation) of the signals. Once the complex-valued ana-
Iytic signals are recovered, the complex impedance of the
plate-finger system is found using Z,,,(t) = fu(t)/,(t), which
provides a real-time estimate of the observed impedance, as
shown in Fig. 11.

Snapshots of these real-time estimates in specific conditions
are used to determine the isolated impedances of the system.
The isolated impedance of the plate Z, is obtained from the
value of Z,, when the finger is not touching the plate and the
plate can oscillate freely. Once the impedance of the plate is
found, the impedance of the tissues Z; is determined when the
vibration amplitude is low enough. For low amplitudes, we
can assume that the acoustic force is null and therefore find
the initial contact stiffness Z from Eq. 18. Once these values
are found, the impedance of the tissues is computed from:

(Z o Zp) Zg

Z: m
T2 + 7,

2
In addition, the value of the impedance of the tissues is
updated every time the vibration amplitude is below 0.2 pm,
yet large enough so that force and velocity signals can be reli-
ably measured.

The variation in the impedance of the contact is estimated
from the measured impedance Z,,, once the impedances of the
plate and the tissues are found. The impedance of the contact is
later used to estimate the interfacial gap from the numerical solu-
tion of Eq. 18. Lastly, the friction coefficient is estimated from
the gap using Eq. 19. The IQ demodulation provides an estimate
of the impedance at all time steps. The initial parameters Z; and
Wy are, however, only calculated once for every cropped
sequence and used throughout the sequence to determine the
average gap and friction force from the impedance. The compu-
tational process to recover every metric is illustrated in Fig. 12.
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Fig. 12. The impedance Z,, is recovered from the IQ demodulation. The fin-
gertip impedance Z; is assumed to be constant during each trial and is found
from the impedance at initial contact ZS. Meanwhile, the contact stiffness for
every vibration amplitude is recovered from its impedance estimation, Z.. The
interfacial gap (z;) is then estimated from Z, and (f.). Lastly, the friction
coefficient is estimated from Persson’s model and initialized with the mea-
sured friction coefficient without vibration.

D. Typical Trial Compared to Numerical Simulations

The results of processing a dataset of 5 isolated instances of
a single typical subject over one exploration back and forth on
the plate are shown in Fig. 13.

Fig. 13 a shows that the real and imaginary parts of the mea-
sured impedance are initially close to 10 and 20 N.s/m, respec-
tively, and both significantly decrease when the vibration
amplitude is greater than 0.3 pm. The impedance asymptoti-
cally reaches the value of the impedance of the unloaded plate.
The magnitude of this impedance is positively correlated with
the friction coefficient for all trials (For all participants,
Spearman’s rank correlation is found to be p = 0.78 4 0.26,
with p = 0.73 for the data in Fig. 13 a).

The measurements were fitted with the results of the model
predictions, where the average contact force of the trial and
the measured vibration amplitude were used as input. The imped-
ance of the fingertip Z; and the initial coefficient of friction
o were initialized when the amplitude was smaller
than 2pm. The estimated friction coefficient was then computed
using the contact model. There was only one free parameter in
the model: the fingertip roughness o;. The values of this parame-
ter were found by minimizing the Euclidean distance between
measured and estimated points using a LevenbergMarquardt
method over each selected instance. The Young’s modulus and
the contact area were fixed at £ = 20 MPa and S = 300 mm?
respectively, to make sure the optimization converged. For this
particular dataset, the fitting procedure leads to o; = 1.92 &+
0.14 pm. The model output using the averaged o, fits well the
impedance data with R? = (.82.

The contact stiffness, derived from the impedance varia-
tions, is shown Fig. 13 b and follows the same downward trend
with increasing amplitude. This trend is likely the result of
levitation, which reduces the amount of coupling between the
plate and the skin. The stiffness is positively correlated with
the friction coefficient (in this particular case, the Spearman’s
rank correlation is p = 0.91), which is reasonable since they
both depend on the true contact area created by the asperities.
The interfacial gap, shown in Fig. 13 c, is estimated from the
contact stiffness. It increases with increasing vibration ampli-
tude, which is consistent with the partial levitation theory. The
variation in the friction coefficient is then estimated from the
interfacial gap and follows the expected trend that the friction

decreases for higher vibration amplitudes. The friction coeffi-
cient estimated from the variation in the measured impedance
is shown alongside measurement in Fig. 13 d and displays a
similar trend, even if discrepancies exist. These discrepancies
are likely due to variations in the biomechanics of skin and to
roughness profiles that do not follow a Gaussian distribution.
The discrepancies are larger for small amplitudes, which could
result from the fluctuating behavior of the fingertip friction.

E. Results

The quality of the estimation of the friction coefficient from the
impedance generalizes to the entire data set. The friction coeffi-
cient estimated with the impedance and the parametric model
shows a remarkable correlation with the measured friction coeffi-
cient where Spearman’s rank correlations are p = 0.94 £ 0.07.
To achieve a correct fit of the model and a robust estimation, trials
for every individual subject were first fitted with parameters that
converged to a value of roughness of oy = 1.7 £ 0.4 pm. The
relatively large inter-subject variability observed in the parame-
ters is also found in the fingertip impedance Z;, which averages to
Zy = (047 4+ 0.28)+ i (3.16 £ 0.63) N.s/m.

The nominal value of the friction coefficient p is correlated
to the imaginary part of the fingertip impedance Z; over all trials
(Spearman’s rank correlation of p = —0.58, p = 10~!'!) and
poorly to the real part (p = —0.25, p = 0.006). However, the
variation in the measured impedance (defined as the difference
between the maximum and minimum value during one explora-
tion) and the measured variation in the friction coefficient dur-
ing every trial are significantly correlated (Spearman’s rank
correlation of p =0.58£0.27 for the real part and p =
0.65 £ 0.3 for the imaginary). This is most likely because dur-
ing a single exploration, the biomechanical parameters do not
change, as confirmed by the fact that the variations of the finger-
tip impedance Z; are always less than 10% within a single trial.

The variation in the measured impedance A |Z,,| is slightly
positively correlated with the variation in the friction coeffi-
cient Ay (Spearman’s rank correlation of p = 0.28 and
p = 107%), as shown in Fig. 14 a. Interestingly, the acoustic
force derived from this impedance via Eq. 10 has a moderately
better correlation, with a Spearman’s rank correlation of p =
0.34 (p = 107%). The interfacial gap can be estimated from
the value of the impedance, knowing the normal force applied
by the participants. The variation in the interfacial gap A(x;)
is correlated with the friction coefficient variation with a
Spearman’s correlation rank of p = 0.43 (p = 107°).

Furthermore, the estimated friction coefficient variation
derived from the interfacial gap is presented in Fig. 14c.
The 140 estimated friction variations show a linear positive
correlation with the measured variation in friction (Pearson’s
correlation coefficient of p = 0.76, p = 10~%°). However, the
estimated variation is slightly over the measured one.

A scatter plot of each measurement and estimation of the
friction coefficient is shown in Fig. 15. The initial value of the
friction coefficient found when the amplitude is close to zero,
is represented by black dots. The gray points show the subse-
quent estimation of the friction coefficient stemming from the

Authorized licensed use limited to: TU Delft Library. Downloaded on July 13,2021 at 06:35:49 UTC from IEEE Xplore. Restrictions apply.



418 IEEE TRANSACTIONS ON HAPTICS, VOL. 14, NO. 2, APRIL-JUNE 2021
(2 207 Re(Zm) 207
Zm OA‘ﬁﬁm'mM".. 0 ANk W ACBES £ 33 £33snatndnl © * e
(N.s/m)  Suaadauinninds _ ST '—"“‘m $ 2% 2 0o, °,
-20- ?,u-" X fm@&m) 20 X S84 s20iotma s N
1 3
0.1
(C) | o 00 107’ %0 o o ‘ l
10 amessse 0 0 0 0 abudoed 8% 3, },{.-:.-: .-:.:':.‘_fm-- e .‘:0:......'.0'..;,_;,* © ¢ o o cccoem
{we) TS - e A A I Y M e
(bm 0 0
@ 0.4 fr Y . measured. 0.4 ! ‘ '
. W‘.‘ FRE + estimated ' copddad L
. TRy 5 b . 17,088
iz ttw‘i;‘;ft,z ‘ggw?:;’( - ;.“‘“‘ '.,n.g:o‘:\'. -
0.17[ | ¥ m W‘no-.‘ 0.17[ | |
0 0.8 1.6 0.1 0.3 0.4
amplitude |Zp| (um) measured coefficient of friction 1
Fig. 13. (a). Measured impedance Z,, for 5 typical instances of a finger sliding on an ultrasonic vibrating plate for a 0.5 N contact force. The opposite of the

imaginary part is shown. (b). Estimated contact stiffness. (c). Estimated interfacial gap. (d). Estimated friction coefficient (gray dots) and measured friction coef-
ficient (gray crosses) as a function of the vibration amplitude (left) and its associated measured friction coefficient (right). Lines represent the latent variable of

the model for this participant with fingertip roughness o; = 1.7 pm.
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Fig. 14. Friction coefficient variation A relation to (a) the measured
impedance modulus A |Z,,|, (b) estimated gap variation A (z;), and (c) esti-
mated friction variation Ajt.y;,. Points represent individual data of the 140
selected instances from the 14 subjects.

variation of impedance. If the estimation was perfect, then
every point would fall on the linear function with slope 1.
While the estimation is short from perfect, the goodness of fit
of the linear function is R2 = 0.98, which demonstrates a rela-
tively decent agreement between measurements and the short-
horizon estimate from the impedance value.

V. DISCUSSION
A. Ultrasonic Energy Transmitted to the Skin

The levitation hypothesis of the friction modulation does
not imply that the skin is stationary, quite the contrary. The
model reveals that tissues undergo oscillatory motion at the
same frequency as the vibration of the plate. Skin motion is

1.5
estimated 14
friction
coefficient
Hestim 0.5 —
0 I I ]
0 0.5 1 1.5

measured friction coefficient u

Fig. 15. Comparison of the estimated friction coefficient fi.;,, and the mea-
sured friction coefficient, for all 140 trials. Black dots represent the initializa-
tion and gray dots are the subsequent predictions. The ideal linear function
with slope 1, shown as a dashed line, has a goodness of fit of R? =0.98.

more prominent when, first, the damping of the skin is low, as
shown experimentally in [14], [23], second, when the vibra-
tion amplitude is small, and third, when the contact force is
high. In realistic conditions, i.e., where the skin has a damping
ratio above 0.5, the oscillations of the skin are out of phase
with the ultrasonic motion, which is consistent with prior
experimental findings [15]. The evidence suggests that the
skin bounces on the squeeze-film of air.

This new analysis also raises questions about the actual
value of the impedance of the skin measured at low vibration
amplitude. Previous works used the assumption of an infinitely
rigid contact at low vibration amplitude and assumed that the
system impedance was equal to the fingertip impedance [7],
[14]. However, this work introduces an additional stiffness and
damping induced by the contact at the interface, which reveals a
difference between the actual skin properties and the one mea-
sured with the assumption of perfectly rigid contact. Because of
the dynamic coupling between the skin and the plate, we found
that the fingertip impedance is most likely one order of magni-
tude lower than the measured system impedance.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 13,2021 at 06:35:49 UTC from IEEE Xplore. Restrictions apply.



HULOUX et al.: ESTIMATING FRICTION MODULATION FROM THE ULTRASONIC MECHANICAL IMPEDANCE 419

Conversely, for extreme vibration amplitudes (i.e., above
5 pm), the model asymptotically predicts a complete decou-
pling of the plate and skin, which implies total levitation of
the skin and the absence of intimate contact with the plate.
Effectively the skin floats above the plate, supported by the
action of the acoustic pressure.

B. Squeeze-Film Levitation and Friction Reduction

In addition to the oscillatory motion of the skin, this work
shows that the time-averaged gap between the skin and the
plate is strongly influenced by both the vibration amplitude
and the force applied by the finger. According to multi-scale
contact theory, this gap is directly related to the real contact
area, created by summing the contributions of all the asperities
in intimate contact with the glass plate [30]. According to the
adhesive theory of friction, the real area of contact is related
to the friction force via the shear strength of each asperity [37],
creating a causal relationship between the gap, real contact
area, and friction coefficient.

The experimental measure of the friction coefficient and its
correlation with the estimated gap obtained by studying the varia-
tion in impedance confirm this prediction. To achieve levitation
and open a gap between the skin and the plate, a large acoustic
force is required. The correlation between the acoustic force and
the friction force reported in [17] is also found in this work. The
levitation force is derived from a linear combination of imped-
ance measurements and therefore does not consider the state of
the contact. Conversely, the estimate of the interfacial gap inte-
grates both the information from the measured impedance and
parameters such as the external force that play a role in the con-
tact conditions. The comprehensiveness of the approach shows a
better correlation with the levitation gap p = 0.43, than with the
acoustic force, p = 0.34, in the current dataset. One cause of the
discrepancy is that the acoustic force is partially lost to dissipation
and might not be used to increase the gap, thus lowering the fric-
tion. The gap, on the other hand, has a causal and direct link to
the friction coefficient, which might explain its lower variability.

C. Self-Sensing of Skin Biotribology

Rendering precise and controlled stimuli on surface-haptic
displays is not as elementary as controlling the force output of
an electromagnetic motor. Because surface-haptic displays rely
on the friction of the fingertip to create stimuli, the generation of
the force is subject to high variability, owing to the complex tri-
bological behavior of skin [37] and the inherent variability in the
susceptibility to ultrasonic waves [8], [17]. This work proposes
to examine the interaction that occurs at the interface between
the skin and the plate, by estimating the impedance of the skin as
well as the impedance of the interface itself.

The estimation of the friction coefficient from the model
relies on the assumption that the fingertip impedance, skin
Young’s modulus, Poisson ratio, and the contact area are sta-
tionary during one exploration. In practice, these values can
fluctuate, introducing additional variability that is not taken
into account. However, more importantly, the frictional and
adhesive properties of the skin are known to evolve with

exploration speed and moisture [37], which might be the cause
of discrepancies especially at amplitudes below 0.2 wm. The
initial detachment of the skin might be impeded by viscous or
adhesive forces at the interface. Another explanation of this dis-
crepancy recognizes that when the vibration amplitude is low,
noise in the impedance signal is likely to be more pronounced.

The biomechanics also play an important role in the percep-
tion of changes in friction [8], [38]. Softer or harder skin will
experience more or less deformation of the tissues; as a conse-
quence, the same vibration levels can lead to dramatic changes
in the perception of the stimuli. Direct estimation of the
impedance of the skin, which is now possible in this work,
provides important information for shaping the input sent to a
surface-haptic display and providing a consistent stimulus
across users without adding additional force sensors to achieve
closed-loop force feedback control [39], [40].

VI. CONCLUSION

The vibration amplitude of an ultrasonic plate is signifi-
cantly affected by the presence of a fingertip. In this article,
we modeled the dynamic behavior of the plate and tissues via
a lumped-element model, as well as a nonlinear model of the
time-averaged behavior created by the partial levitation pro-
cess. This model allowed us to examine the connection
between the long time-scale (on the order of a second) captur-
ing the motion of the skin imparted by the levitation and the
ultrasonic time-scale in which we can model the dissipation
and reflection of acoustic energy via the skin/plate measured
impedance.

The main finding is that the higher the levitation of the skin
is, the lower the coupling with the vibrating plate. This has
two effects: first, the friction coefficient between the plate and
the fingertip is reduced, and second, the plate vibrates more
freely reducing the need for acoustic energy used to maintain
the levitation. The model draws a comprehensive picture of
the complex interconnection between the nonlinear process of
squeeze-film levitation and the biomechanics of the tissues.
The newfound understanding can serve to better control the
tactile stimulation, not based on forces or the friction coeffi-
cient but on the easily measurable real-time impedance.
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