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Friction Reduction Through Ultrasonic Vibration
Part 2: Experimental Evaluation of Intermittent

Contact and Squeeze Film Levitation
Thomas Sednaoui, Eric Vezzoli, Brygida Dzidek, Betty Lemaire-Semail, Member, IEEE, Cedrick Chappaz,

and Michael Adams

Abstract—In part 1 of the current study of haptic displays, a finite element (FE) model of a finger exploring a plate vibrating
out-of-plane at ultrasonic frequencies was developed as well as a spring-frictional slider model. It was concluded that the reduction in
friction induced by the vibrations could be ascribed to ratchet mechanism as a result of intermittent contact. The relative reduction in
friction calculated using the FE model could be superimposed onto an exponential function of a dimensionless group defined from
relevant parameters. The current paper presents measurements of the reduction in friction, involving real and artificial fingertips, as a
function of the vibrational amplitude and frequency, the applied normal force and the exploration velocity. The results are reasonably
similar to the calculated FE values and also could be superimposed using the exponential function provided that the intermittent
contact was sufficiently well developed, which for the frequencies examined correspond to a minimum vibrational amplitude of ∼ 1 µm
P-P. It was observed that the reduction in friction depends on the exploration velocity and is independent of the applied normal force
and ambient air pressure, which is not consistent with the squeeze film mechanism. However, the modelling did not incorporate the
influence of air and the effect of ambient pressure was measured under a limited range of conditions, Thus squeeze film levitation may
be synergistic with the mechanical interaction.

Index Terms—Tactile devices and display, Tactile stimulator, Squeeze film effect, Ultrasonic devices, Friction modulation.

F

1 INTRODUCTION

THE friction of flat screens can be globally modulated
by the application of ultrasonic vibration with varying

amplitude to create the illusion of a texture [1]. An under-
standing of the mechanism of friction modulation would
greatly facilitate design optimisation and it has been pro-
posed recently that the mechanism involves a combination
of squeeze film levitation and intermittent contact [2], [3]. In
part 1 of the current work [4], the underlying principles of
friction modulation arising from intermittent contact were
elucidated by developing numerical models. Here, experi-
mental data involving real and artificial fingertips will be
presented in order to validate the modelling. In addition,
the results of measurements carried out at reduced ambient
pressure will be described, which establish that the contri-
bution of squeeze flow levitation is at least not significant
for the particular artificial finger employed in the current
work.
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1.1 Intermittent Contact
Optical measurements have revealed that intermittent con-
tact resulting from ultrasonic vibration may be characterised
by the phase shift between the vibrating plate and the skin
surface dynamics of the exploring finger pad or probe [3],
[4]. That is, for small vibrational amplitudes, contact persists
but with increasing amplitude there is a transition regime
in which intermittent contact develops with an increasing
phase shift. Ultimately, for large amplitudes, the phase shift
tends to an asymptotic value corresponding to the intermit-
tent contact being fully developed. Such data were used to
calibrate a finite element (FE) of the exploration process [4].
Data interpretation was assisted by the development of a
simple elastic model of a finger pad sliding on a vibrating
plate at ultrasonic frequencies (> 20 kHz). It was based on
a normal and a lateral spring connected to a Coulombic
slider of zero mass. While it was not possible to develop
an analytical solution, the model enabled the derivation of
a dimensionless group, Ψ, that incorporated the governing
operating and material parameters:

Ψ =
U

wfµ0(1 + ν)
(1)

where U is the exploration velocity, w and f are the vibra-
tional amplitude and frequency, µ0 is the intrinsic coefficient
of friction (i.e. without vibration), and ν is the Poisson’s
ratio of the skin of the exploring finger pad or probe.
An implication of Eq. (1) is that the performance of an
ultrasonic display is independent of the elastic moduli of
the stratum corneum and the applied normal force. This was
consistent with the results of FE analyses provided that the
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intermittent contact is sufficiently well developed; typically
this corresponds to vibrational amplitudes greater than ∼
1 µm P-P. These analyses were carried out for a wide range
of the aforementioned parameters and the data could be
satisfactorily described by the following function:

µ = µ0[1− exp(−Ψ/Ψ∗)] (2)

where µ is the actual coefficient of friction and Ψ∗ is the
characteristic value of Ψ. Eq. (2) satisfies the boundary
conditions: µ = 0 when Ψ = 0 and µ = µ0 when Ψ =∞. In
part 1, the experimental studies by Dai et al. [2], involving
the measurement of intermittent contact of a finger pad
at two different vibrational amplitudes using an optical
technique, will be extended to a full characterisation of
the entire relevant vibrational amplitude range. The data
will be employed for calibration and validation of a finite
element (FE) model that is developed in order to investigate
how intermittent contact would act to reduce the friction.
On the basis of the friction reduction mechanism identified
by the FE model, a simplified spring-slider model will be
developed. It allows a dimensionless group to be identified
that incorporates the critical design, operational and user
variables that govern the performance of an ultrasonic hap-
tic display. In this work, experimental data will be described
showing that a decrease in the ambient pressure does not
influence the reduction in friction induced by ultrasonic
vibration. This was for a limited set of experimental con-
ditions but it does support the content that the recurrent
loss in contact is a contributing mechanism. Furthermore,
frictional data for human and artificial fingertips sliding on
an ultrasonic plate are reported that are consistent with both
the FE and spring-slider models.

1.2 Squeeze Film Effect
The squeeze film effect was first introduced by Watanabe et
al. [5] as an explanation for the modification of the rough-
ness perception of an ultrasonic vibrating plate by an explor-
ing finger. A more accurate modelling of the phenomenon
was proposed by Biet et al. [6] and Winter [7]. The effect
relies on the generation of a thin film of over-pressurised
air between a finger pad and the vibrating plate induced by
the compression and decompression of the trapped air. The
effective normal force, and hence the frictional force, would
then be reduced, and the relative coefficient of friction given
by:

µ′ = 1− Fs

Fn
(3)

where Fs is the repulsive force resulting from squeeze film
levitation and Fn is the normal force applied by the finger.
By applying Reynolds equations, it is possible to define the
squeeze number, σ [6]:

σ =
12ηwl0
h20p0

(4)

where η is the dynamic viscosity of air, l0 and h0 are,
respectively, the length of contact and gap between the
finger pad and the plate and p0 is the ambient air pressure.
Details of the derivation of Eq. (4) are reported in [6]. It
was suggested that a value of σ > 10 corresponds to

the maximum overpressure, ps, that could be achieved.
This approximation allowed an analytical expression for the
induced repulsive reaction force to be derived [6]. Similar
results were confirmed by more accurate FE analysis [7]:

Fs = Ap0(P∞ − 1) (5)

where A is the gross contact area between the finger pad
and the plate, and P∞ = ps/p0 is the pressure between
the finger pad and the plate induced by the squeeze film
for an infinite squeeze number normalized by the ambient
pressure. Thus Eq. (5) suggests that the repulsive force is
linearly dependent on p0 given that ps is not a function of
P∞ for σ > 10.

2 EXPERIMENTAL APPARATUS

2.1 Friction Measurements of Artificial Fingertips
2.1.1 Ultrasonic Probe
Due to the extreme difficulty of performing tribological
measurements under controlled conditions for a finger slid-
ing on an ultrasonic device in a reduced pressure environ-
ment and the necessity to have a standard evaluation tool,
a probe exhibiting frictional modulation similar to that of a
human fingertip was developed as shown schematically in
Fig. 1(a). It has a silicone elastomeric core with dimensions
16 x 13 x 10 mm, a Young’s modulus of 1 MPa and curved
edges. The contacting region was covered with a surgical
tape having mechanical properties (Young’s modulus of
∼ 20 MPa) and spatial periodicity similar to that of the
fingerprint ridges. To establish that the behaviour of the
probe is similar to that of a human finger pad, a tribome-
ter (TRB, CSI, Switzerland), which is shown schematically
in Fig. 1(b) was used to record the frictional modulation
experienced by the probe sliding on the ultrasonic device at
a peak-to-peak amplitude of 2.5 µm, a normal force of 0.5
N and an approximate exploration velocity of 17 mm/s. In
addition, the velocity and acceleration of the probe and a
finger pad under ultrasonic vibration were measured using
the equipment described in part 1 [4] with a vibrational
amplitude of 1.35 µm and an applied normal force of 0.25
N.

2.1.2 Low Pressure Friction Measurements
To quantify the influence of the squeeze film mechanism,
a special tribometer and a low-pressure chamber were de-
signed in order to investigate the evolution of the frictional
modulation as a function of the ambient pressure, Fig. 1(c).
The tribometer incorporated a 6-axis force sensor (nano
43, ATI, USA) that provides both lateral and normal force
monitoring. The preloading of the axis can be tuned with
a magnetic levitation system, and the lateral motion of the
probe is actuated by a linear ultrasonic motor (M-663, PI,
Germany) coupled with a driver (C-184, PI, Germany).

The vibration device is a glass plate with dimensions
120 x 21 x 2 mm and equipped with three piezoceramic
actuators used as a driver and one as a sensor; the resonant
frequency is 27.4 kHz with a stable maximum in the center
of the plate and it is similar to the plates used in [8]. The
pressure system consists of a cylindrical steel chamber with
a detachable transparent side as shown schematically in
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Fig. 1: Schematic diagram of (a) the artificial fingertip, (b) the tribometer for measuring the friction of artificial probes under
ambient pressure, and (c) the pressure chamber for housing the tribometer and the developed low pressure tribometer.

Fig. 1(b). It was equipped with a vacuum pump (Piccolo,
Thomas, Germany) and the inner pressure was measured by
a manometer and regulated with a valve. It was necessary
to implement a vibrational amplitude control system for the
plate, which was similar to that described in [9], in order
to ensure the consistency of the measurement conditions
between the different atmospheric pressures. Without the
control system, the reduction in the air damping on the
resonator generated a significant change in the Q factor
of the vibration system. This reduction, coupled with the
mechanical noise induced by the friction measurements
resulted in extremely unstable vibrational amplitudes of the
plate. The closed-loop control implemented on the plate
stabilised the vibration amplitude with a resolution of 50
nm during the friction measurements.

2.1.3 Measurement of the Velocity and Frequency Depen-
dence

The tribometer described in section 2.1.1 was used to quan-
tify the influence of the exploration velocity and vibrational
frequency of the plate on the friction reduction. The plate
employed for the pressure experiments was reused to mea-
sure the influence of the scanning velocity of the probe on
the reduction of friction. Four different aluminium ultra-
sonically vibrating plates were designed by FE modelling
(Salome-Mecha) to study the influence of the vibrational
frequency on the reduction in friction. The plates have
identical surfaces and employ the same vibrational mode
but the thickness was varied in order to obtain different
vibrational frequencies. Their dimensions are 41 x 76 mm
with thicknesses of 1, 1.25, 1.6 and 2 mm and resonant
frequencies of 36.6, 43.3, 53.7 and 66.1 kHz respectively. All
the plates exhibited the same vibrational mode with a spatial
wavelength of 16 mm (Fig. 2). A similar closed-loop control
of the vibrational amplitude was implemented for all the
plates to maintain stability of the amplitude under the range
of measurement conditions investigated. A similar rough
plastic film was attached to the plates in order to obtain a
uniform surface roughness of 1.23 ± 0.03 µm Ra. During
the measurement, the finger was supported by a 30 degrees
finger holder and attached by double side tape on the finger
nail. The vibration was measured by a piezoceramic on the

76 mm

41 mm

1
.0

0
 

1
.2

5
 

1
.6

0

2
.0

0

mm

Fig. 2: Finite element representation of the vibrational mode
of the aluminum plates developed for the frequency depen-
dent study.

plate used as a sensor contextually with the vibration of the
skin through the Laser Vibrometer.

2.2 Real Finger Pad Friction Measurements
2.2.1 Passive Tribometer
Previous studies of the squeeze film effect have reported
measurements of the friction between a plate and a finger
pad in active touch [10]. In this configuration, the finger
is voluntarily exploring the surface and thus the subject is
responsible for the speed of exploration and the normal
force adjustment. In order to precisely control these two
parameters, a passive touch based tribometer was adapted
(Longshore System Engineering, Cornwall, UK) (Fig. 3a). A
beam with a bearing acting as a pivot to allow free rotation
is displaced laterally with a reciprocating velocity controlled
by a DC motor. There is a 2-axis strain gage sensor at one
end of the beam below which the vibrating plate is attached.
A counterweight on a screw thread at the other end of the
beam allows it to be balanced. Weights are placed on the
sensor assembly to vary the normal force that is applied
to the finger. An arm support provides user comfort and
ergonomic control with secure wrist and hand support to
allow precise finger pad positioning. A wedge-support is
provided to position the finger at an angle of 30◦ to the
plate. The tangential and normal forces are measured using
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TABLE 1: Summary of the participants for the in vivo friction
measurements

Participant p1 p2 p3 p4 p5 p6
Age 27 26 32 35 30 27

Gender F F F F M M

two strain gauge ADC interfaces with 16-bit precision and a
sampling frequency of 100 kHz implemented on a NI ADC
system. The force measurements, amplitude data and posi-
tion of the beam were then stored on a Windows computer
using Labview and re-sampled using Matlab. Windowing
was done to extract only the forces while the finger pad
was located in the central region of the moving plate; data
from the borders of the plates were removed to reduce the
noise in the dynamic friction imposed by the triangular
displacement profile of the tribometer beam.

2.2.2 Vibrating Plate

The vibrating device is a steel plate with dimensions 120 x
22 x 2 mm, equipped with 15 piezoceramic actuators used as
a driver and one as a sensor; the resonant frequency is 25.1
kHz with a stable maximum in the center. The relationship
between the voltage applied to the ceramic transducer and
the generated vibrational amplitude for the mode selected
was calibrated by using an interferometric vibrometer (OV-
5000, Polytech, Germany) (Fig. 3b). A closed-loop system
was implemented to control the vibrational amplitude of the
plate to ensure the stability of the acquired data for applied
normal forces ≤ 2 N and vibrational amplitudes ≤ 2.5 µm.
The mean roughness of the steel plate is 0.36 ± 0.03 µm Ra
as characterised using a Surface Profiler (MicroXAM 100HR,
KLA-Tencor, Belgium).

2.2.3 Experimental Protocol

Table 1 summarises the details of the participants for the
in vivo friction measurements; all participants gave their
informed consent. It should be noted that the measurements
can be quite long and exhausting for a participant since
completing a full 3D matrix for a range of velocities and
loads takes a minimum of 5 h. To prevent any change in
the finger pad characteristics and possible artefacts due to
movements of the finger, the participants were only sub-
jected to one parameter (velocity or normal force) for a given
session. The finger to be studied was initially cleaned with a
commercial soap and water and, after thorough rinsing with
water, it was allowed to equilibrate for at least 10 min under
ambient conditions of 16 ◦C and a relative humidity of 50%.
The arm of the participant was positioned in the holder for
the most comfortable position. The right hand index finger
pad was supported by the wedge support at 30◦ to the
horizontal and additionally adjusted by using a tape on the
second phalange to prevent rotation of the finger under the
high loads. Each session was initiated by automatic load
calibration after which standard calibrated weights were
placed on the sensor/ultrasonic plate assembly for applying
the required normal force. The vibrational amplitude was
increased by a staircase function in steps of 0.1 - 0.2 µm for
every three full sliding cycles.

3 EXPERIMENTAL RESULTS

3.1 Results for Artificial Fingertips

3.1.1 Probe Validation
Fig. 4(a) shows the frictional forces for the probe under
a normal force of 0.25 N and at a vibrational amplitude
of 1.35 µm relative to the corresponding values without
vibration. It also shows published data for a human finger
pad [2] and for an another probe called Tango plus [3],
[11] that were both acquired under approximately similar
conditions to those employed for the current probe. Tango
plus has an external layer mimicking the stratum corneum
and a porous inner structure exhibiting similar viscoelastic
behaviour to that of the inner tissues of the fingertip. In all
cases the ultrasonic vibration induced a reduction in friction
by a factor of ∼ 4, thus demonstrating that the current
probe is a suitable mimic for the human finger pad. This
is confirmed by the results shown in Fig. 4(b) that compares
the velocity and acceleration of the plate, probe and finger
pad also under a normal force of 0.25 N and at a vibrational
amplitude of 1.35 µm. In terms of the phase shift relative to
the plate and the magnitudes, the results are similar.

3.1.2 Frictional Data at Reduced Pressure
The coefficient of friction of the probe at atmospheric and
at a reduced pressure of 0.5 atm as a function of the
vibrational amplitude is shown in Fig. 5 for a normal force
of 0.78 N. The measurements were repeated 10 times and
the RMSE is 0.002. The decrease in the coefficient of friction
with increasing amplitude is similar within experimental
uncertainty for both pressures. If the squeeze film effect was
responsible for the reduction in friction at ambient pressure,
a smaller attenuation would be expected in the reduced
pressure environment; see Eq. (5).

3.1.3 Frictional Data as a Function of the Vibrational Fre-
quency, Velocity and Normal Force
Plots of the relative coefficient of friction as a function of the
vibrational amplitude for the different resonant frequencies
of the aluminium plates are shown in Fig. 6. The data exhibit
the expected reduction in µ′ with increasing amplitude. For
a given amplitude, the value of µ′ decreases systematically
with increasing frequency and, at an amplitude of 3 µm, the
value at a frequency of 66.1 kHz is ∼ 40% of that at 36.6
kHz. Fig. 7 shows plots of the relative coefficient of friction
as a function of the vibrational amplitude for exploration
velocities in the range 25 - 100 mm/s and an applied normal
force of 0.5 N. Again, the data exhibit the expected reduction
in µ′ with increasing amplitude. For a given vibrational
amplitude, the value of µ′ decreases systematically with
decreasing exploration velocity and, at an amplitude of 3
µm, the reduction of the friction at a velocity of 25 mm/s is
a factor of ∼ 4 greater than that at 100 mm/s. Fig. 8 shows
that the relative coefficient of friction is independent of the
applied normal force for the three values examined.

3.2 In Vivo Friction Results

Six participants (four female and two male, mean age 29.5
± 3.5), who gave their informed consent in performing the
experiment.
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Fig. 3: (a) Schematic diagram of the reciprocating passive tribometer, (b) cartography of the vibrating steel plate as measured
by an interferometric vibrometer.
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off and on respectively. (b) The velocity and acceleration of
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(dotted green line) and finger pad (continuous red line) for a
vibrational amplitude of 1.35 µm and applied normal force
of 0.25 N.

3.2.1 Frictional Load Index

Fig. 9 shows a plot of the frictional force for a finger pad (p1)
as a function of the applied normal force at an exploration
velocity of 40 mm/s measured using the passive tribometer
with the plate not being vibrated. Data for the 1st cycle and
for the 10th cycle are shown in Fig. 9. These preliminary
results confirm that the friction coefficient between the
non-vibrated ultrasonic plate and the finger is essentially
independent on the normal load.

3.2.2 Influence of the Vibration

Previously published in vivo data gathered with a passive
tribometer are valuable for validating the modelling pre-
sented in part 1 [4], which is a main aim of the current
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Fig. 6: The relative coefficient of friction for the probe sliding
on an ultrasonic vibrating plate for an applied normal force
of 1.0 N and an exploration velocity of 30 mm/s, and
for vibrational frequencies of 36.6 (yellow diamonds), 43.3
(green stars) 53.7 (red squares) and 66.1 kHz (blue crosses).
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function of vibrational amplitude at a frequency of 25.1 kHz
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participants with applied normal forces of ∼ 0.1 N.

paper. Consequently, it will be included in this section for
convenience. Fig. 10 shows such data [8] for the coefficient
of friction as a function of the vibrational amplitude at a
frequency of 25.1 kHz and an exploration velocity of 17
mm/s for three different participants and a similar applied
normal force of ∼ 0.1 N. It exemplifies the wide variation in
the absolute coefficients of friction for different participants.

Similar data measured in the current work are presented
in Fig. 11(a) for one participant (p5) with an applied normal
force of 0.5 N, and a vibrational frequency of 25.1 kHz
for three exploration velocities of 20, 40 and 80 mm/s.
The reduction in the friction is systematically greater with
decreasing exploration velocity. Comparable trends for the
dependency of the vibrational amplitude are evident in Fig.
11(b) from a normalization of the data shown in Fig 10, but
this was for a single exploration velocity of 17 mm/s. An
important point about Fig. 11(b) is that normalisation results
in an approximate superposition of the data. The mean
values of the relative coefficient of friction as a function of
the vibrational amplitude for all participants are presented
in Fig. 12. There is not a systematic dependence on the
applied normal force for the range examined.

4 DISCUSSION

On the basis of FE modelling, it was argued that the
reduction in friction for ultrasonic haptic displays could
be ascribed to a ratchet mechanism in which engagement
induces lateral deformation of the fingerprint ridges, or the
contacting surface in the case of artificial probes, until the
frictional mobilisation criterion is satisfied [4]. Thus during
any vibration cycle, the friction is either (i) zero when there
is a loss of contact or (ii) less than the slip value. The
model was evaluated in the current work by calculating
the influence of the vibrational amplitude for a range of
exploration velocities and normal forces for in vivo and
probe frictional data.
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Fig. 11: (a) The relative coefficient of friction for p5 as a function of the vibrational amplitude at a frequency of 25.1 kHz,
an applied normal force of 0.5 N and the following exploration velocities: 20 (yellow diamonds ), 40 (red squares) and 80
(blue circles) mm/s. The dashed yellow line, red line, and blue dotted line are, respectively, the prediction of the FE model
[4] of the friction reduction in the experimental condition. (b) Literature data for an applied normal force of 0.10N for three
different subjects (red diamonds, blue squares, and green triangles), exploration velocity of 17 mm/s and the vibrational
frequency of 25.1 kHz [8], compared with the FE model prediction (blue line) [4]. The yellow chain lines was calculated
using the squeeze film model [6].
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Fig. 12: Mean relative coefficient of friction for all partici-
pants (p1 - p6) as a function of the vibrational amplitude
for the following applied normal forces: 0.2 (blue down
triangle), 0.5 (red up triangle), 0.75 (grey diamonds), 1.0
(yellow squares, 1.5 (green circles), and 2 N (purple left tri-
angles). The error bars indicate the mean standard deviation
between the participants.

4.1 Mechanical Model Validation

4.1.1 Velocity and Frequency Influence

The calculated values of µ′ with the FE model are compared
with the experimental data in Fig. 11 and the trends in
the numerical values are reasonably similar to those mea-
sured despite the model being relatively simple. The self-
consistency of the FE results and the dimensionless group
derived from the spring-slider model was demonstrated by
showing that this group could be used to satisfactorily su-
perimpose the numerical results applied to a finger pad [4].

However, at vibrational amplitudes smaller than∼ 1 µm the
intermittent contact may be insufficiently developed for the
friction not to be influenced by the Young’s modulus of the
stratum corneum and the applied normal force, depending
on the vibrational frequency. This is the case for the reduced
variables plot of the in vivo data given in Fig. 13. There is
reasonable data superposition for vibration amplitudes > 1
µm and these data were fitted to the exponential function
(2) with Ψ∗ = 4.69± 0.32 as shown in the figure. This value
of Ψ∗ is greater than that (2.38 ± 0.21) for the FE analysis
of a finger pad, but it reflects the greater scatter of in vivo
measurements of ultrasonic displays and, in particular, the
small range of the dimensionless group that could be fitted.
In comparison, using the probe, it is possible to achieve
data superposition for a range of vibrational frequencies,
and exploration velocities as well as vibrational amplitudes
(Fig. 14) since the minimum vibrational amplitude is 1 µm.
In this case, the value of is 0.70 ± 0.04.

It is of interest that the boundary condition assumption
of µ = 0 when Ψ = 0 in the derivation of Eq. (2) seems
to satisfy the experimental data rather than a finite value
of µ at Ψ = 0. This suggests that the performance of
ultrasonic displays could be improved further by increasing
the vibrational frequency to values that are greater than
those examined in the current work, due to the dependence
of Ψ on this variable.

4.1.2 Influence of the Applied Normal Force
Fig. 8 and the fit reported in Fig. 14 show that for the
artificial fingertip there is no influence on µ′ of the applied
normal force, and consequently for the value of Ψ∗. How-
ever, as discussed previously, in vivo data are considerably
more scattered and less reproducible as exemplified in Fig.
15 for two of the participants and a range of applied normal
forces. A possible contributory factor is that the finger pads
exhibited a wide range of Young’s moduli so that not all



8

0 5 10 15
0

0.2

0.4

0.6

0.8

1

dimensionless group Ψ

re
la

ti
v
e

 f
ri
c
ti
o

n
 c

o
e

ff
ic

ie
n

t 
μ

’

Fig. 13: Relative friction for participant p5 with an explo-
ration velocity of 20 (yellow diamonds), 40 (red squares) and
80 mm/s (blue circles) as a function of the dimensionless
group; the data are taken from Fig. 11(a). The full line is the
best fits of the filled points to Eq. (2) and the value of Ψ∗ is
4.69 ± 0.32; the unfilled points correspond to w < 1 µm and
were not included in the fit, as the dimensionless group is
not relevant for small amplitude of vibration
. The dashed lines show the RMSE variation of the fit.
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Fig. 14: The relative coefficient of friction as a function of the
dimensionless group for the probe sliding on an ultrasonic
vibrating plate with a range of vibrational frequencies (red
diamonds), exploration velocities (blue circles) and applied
normal forces (green squares) the data are taken from Figs
6, 7 and 8 respectively. The full lines are the best fits to
Eq. (2) and the value of Ψ∗ is 0.70 ± 0.04; the dashed lines
correspond to the RMSE variation.

the data corresponded to the intermittent contact being
sufficiently well developed. In such cases, the dimensionless
group approach becomes inapplicable at smaller vibrational
amplitudes. However, by taking mean values of the data
for all participants (Fig. 12) and fitting to the exponential
function, mean values of Ψ∗ as a function of the applied
normal force were obtained (Fig. 16). The figure shows the
best fit to a linear relationship with a slope of -0.094 with
95% confidence bounds of -0.49 and 0.30 and an intercept of
1.80 with 95% confidence bounds of 1.34 and 2.27. Thus it

may be concluded from these data that Ψ∗ is not a strong
function of the applied normal force and that the mean value
of Ψ∗ is reasonably consistent with that of the numerical
data for which Ψ∗ = 2.38± 0.21 [4].

The FE model employed a Coulombic boundary condi-
tion:

Fl = µ0Freac (6)

where Fl is the lateral force and Freac is the normal reaction
force of the vibrating plate. However, a finger pad exhibits
non-Coulombic friction against smooth surfaces [12], [13]:

Fl = kfF
n
reac (7)

where kf is the friction factor and n is the frictional load
index with 2/3 ≤ n ≤ 1. Consequently, Eq. (1) could be
generalised as follows:

Ψ =
UFn

reac

kfwfµ0(1 + ν)
(8)

where kf0 is the intrinsic value of kf . The data in Fig. 9
were fitted to Eq. (7) with Freac = Fn since the plate was
in a static state, with kf = 0.49 ± 0.02 and n =1.05 ±
0.08 for the 1st cycle and kf = 0.52 ± 0.01 and n = 0.91
± 0.05 for the 10th cycle. The dependence of the friction
on the applied normal force may be understood because
the friction of human skin is described by the adhesion
mechanism [12]. That the value of n is approximately unity
probably arises because the stainless steel plate used for the
in vivo friction measurements is not optically smooth and it
is known that topographically rough surfaces exhibit such
Coulombic behavior [13].

In principle, the dimensionless group should be mod-
ified according to Eq. (8) but the current data strongly
suggest that the in vivo and the artificial fingertip friction
modulation is not a function of the applied normal force.
Thus Eq. (1) is the better descriptor of the phenomenon
for both in vivo and probe measurements. This is probably
a consequence of the friction modulation being primarily
governed by the deformation of the fingerprint ridges and
the extent to which there is a loss in contact rather than
being dominated by slip for which the adhesion mechanism
would apply.

4.2 Squeeze Film Effect
The values of µ′ calculated using the squeeze film model
[6] are also shown in Fig. 11. The experimental data fit
less closely and the model cannot account for the friction
being a function of the exploration velocity. Moreover, these
findings are consistent with the observation that the friction
is not influenced by a reduced ambient pressure in the case
of the artificial probe (Fig. 5). The interplay between the
frictional ratchet mechanism demonstrated in this paper and
the recent measurements suggesting a role of the squeeze
film effect [14] is outside of the scope of the current work,
and will be the subject of future investigations. Indeed, an
initial study of the contribution of the squeeze film effect
to the attenuation of friction was performed by Vezzoli et
al. [15]. The result obtained in this study, which dealt with
a real finger in reduced pressure, was a partial decrease in
friction reduction as a function of the pressure. This behav-
ior may suggest a combination of both effects. However,
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Fig. 15: The relative coefficient of friction as a function of the dimensionless group measured for two participants with
an exploration velocity of 40 mm/s and a range of normal forces. (a) p2: 0.75 (red diamonds), 1 (blue triangle), 1.5 (green
circles) and 2 N (yellow squares). (b) p3: 0.2 (red diamonds), 0.75 (blue triangle), 1 (green circle), and 2 N (yellow squares).
The full lines are the best fits to Eq. (2) and values of Ψ∗ equal to 1.89 ± 0.18 and 0.78 ± 0.046 respectively; the dashed lines
correspond to the standard deviation of the fit to the exponential function (2).
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Fig. 16: The characteristic value of the dimensionless group
as a function of the applied normal force calculated by
fitting Eq. (2) to the data in Fig. 12. The line is the best linear
fit to the data.

it was clear that the more refined methodology reported
here is necessary to avoid complications due to the possible
influence of the reduced pressure on the mechanical and
frictional properties of the skin.

5 CONCLUSION

The current experimental data are consistent with the FE
model developed in part 1 [4] and also the data superpo-
sition scheme derived in that work. Thus, the proposed
ratchet mechanism is a satisfactory explanation for the
friction modulation of ultrasonic displays. In particular, the
friction modulation depends on the exploration velocity
and is independent of the applied normal force and, in
the case of the current probe, independent on the ambient
air pressure. On the basis of the current work, it is not
possible to quantify the relative contribution of squeeze film
levitation. Data reduction using an exponential function of

a dimensionless group shows a reasonable description of
experimental data, provided that the intermittent contact
is sufficiently well developed. This requires that the vibra-
tional amplitude must be > 1 µm for the range of frequen-
cies examined here. Another important point confirmed by
this work is the influence of the vibrational velocity on the
reduction of friction, not the simple vibrational amplitude
(fw).
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